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PREFACE
In my thesis, I will discuss my research on two dimentional materials for semicond-
cutor device applications. I will start from materials synthesis to device applications.
This can give reader a deep understanding of how these novel materials can be used
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ABSTRACT
Deng, Yexin Ph.D., Purdue University, December 2016. Two-dimensional Electronics
and Optoelectronics: From Materials Syntheses to Device Applications. Major
Professor: Peide Ye.
The current research on semiconductor device has pushed the scaling of the devices
into sub-10 nanometers (nm) regime. While most of the current devices are made on
silicon germanium, and III-V materials, people are looking for new materials for use
in novel semiconductor devices: either for use in extremely scaled device in sub-10
or even sub-5 nm devices, or for use in other situations such as flexible electronics or
low power and lower cost IoT (Internet of Things) applications.
Two-dimensional (2D) materials have attracted extensive research interests in
their physical, chemical and mechanical properties.Since the discovery of graphene,
which a single layer carbon atoms obtained by exfoliating from graphite by scotch
tape, the research activities on 2D materials have increased exponentially during the
past few years. The high mobility and ultra-thin body makes graphene interesting
for electronics applications. However, the lack of a bandgap of graphene led to study
of other 2D materials.Two of them have attracted a lot of interests recently, one is
called molybdenum disulfide (MoS2), and the other is black phosphorus. Most of my
research is based on these two materials, I tried to study from the synthesis of the
materials, and then study the electronics applications of these materials.
In the first part of the thesis, an introduction of the background of the current
research on 2D materials for electronics applications will be given. Also, the basic
background of the materials I studied will be given.
In the second part of the paper, I will discuss about the electronic device appli-
cations of these materials. A detailed study on heterostructure device based on van
xvi
der Waals interactions will be discussed, which is new concept devices based on the
unique characteristics of 2D materials.
In the third part, the optoelectronic applications of the materials will be discussed.
The effect of device structure will be discussed. The plasmonic structure is added to
achieve better device performance, while simulations were performed to get a in-depth
understanding.
In the fourth part, the stability of these materials will be discussed. Unlike the
traditional semiconductor materials, which has already been studied for years to
make them stable and reliable for semiconductor device applications, these novel nano
materials are still suffering from some stability issues. In this chapter, a detailed study
of the stability of these materials are described, some of the phenomenon are quite
helpful for understanding the device characteristics, while some are useful for making
these device more stable.
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1. INTRODUCTION
In this chapter, I will give an introduction of 2D materials research during the past
few years. As most of my research focused on semiconductor device applications, so
I will give an introduction on the device applications of these 2D materials. Then, I
will give an introduction about the two materials I focused on, that is molybdenum
disulfide and black phosphorus.
1.1 Introduction of Current Two-dimensional (2D) Materials Research
The discovery of graphene has lead to the explosively growth of research on 2D
materials since 2004 [1]. The unique structure of graphene results in its interesting
properties [2]. The discovery got the Nobel physics prize just six years later. More-
over, the research on graphene made people interested in a group materials that share
the similar properties as graphene, that is 2D materials. Basically, 2D materials are
a group of materials in which single atom layers are bonded through van der Waals
interactions in the vertical direction, while for each layer it normally bonded by the
covalent bond in the horizontal direction. In the following subsections, I will first
discuss about the materials people are interested in, and then give an more detailed
introduction about the semiconductor device applications based on these 2D materi-
als.
1.1.1 Overview of 2D Materials Research
There are a lot of 2D material people are interested in [3]. Based on the time line
the materials were intensively studied from 2D perspective, I introduce them briefly
in the following paragraphs.
2
Graphene is a single layer of carbon atoms forming hexagonal structure, obtained
from graphite using scotch tape peeling method. Due to its unique cone shape band
structure, as well as its large surface to volume ratio, graphene shows outstanding
material characteristics, including high carrier mobility, high thermal conductivity,
as well as good mechanical properties. Different research groups have worked on
different applications based on graphene. While its unique band structure brings a
lot of interesting physical properties, its lack of bandgap limits the application on
electronic devices.
The early study on graphene is based on the scotch tape method, which is good
for university lab experiment. However, as people realized the advantages of this
new material could bring it to industry applications, more efforts have been made
to realize large area single layer graphene synthesis [4]. The scotch tape method can
only get very small and micro meter size graphene flake, while the chemical synthesis
can get meter size graphene [5].
When working on graphene devices, people also found other materials that share
the similar layered nature as graphene. As people found the mobility of graphene from
experiment results is obviously lower than the theoretical predictions, they realized
the roughness of the silicon oxide on silicon substrate is probably the reason. So people
are looking into a an insulating substrate that can be ideally flat. So an insulating
2D layered material is possible candidate, as 2D material is flat in its 2D surface.
Experiment shows that hexagonal boron nitride is a good insulating substrate for
graphene, as they observed higher mobility using the graphene and hexagonal boron
nitride hetero structure device [6].
Hexagonal boron nitride shows a quite similar structure as graphene, however, it
has a very large bandgap about 5.2 eV. This makes it good for use as an insulating
material in 2D research. In the later part, we will also discuss about the concept of
combining different kinds of 2D materials together through van der Waals interations
to build novel devices.
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Although graphene shows quite impressive electronic transport properties, its lack
of band gap limits its applications in electronic devices. For example, in the metal-
oxide-semiconductor field effect transistor (MOSFET) made on graphene, people can
only get an on and off ratio around 10, which is several orders smaller than the
mainstream silicon devices. This made people look for other materials that comes
naturally with a band gap.
Then a group of materials called transition metal dichalcogenides (TMD) attracted
a lot of interests. Many of the materials in this groups are semiconductor that comes
with a finite bang gap, which is more promising for use in semiconductor devices.
One of the most studied material is molybdenum disulfide. The reason is that people
found the MOSFET device made on this material shows very large on and off ratio,
while maintain a relatively high mobility [7]. Though further study showed that the
high mobility came from an error in capacitance calculations, it still attracted a lot
of interests in TMD research. As people got experience from graphene study, differ-
ent applications and devices have been made on TMD materials, and the chemical
synthesis method was found [8].
As more and more researchers are jumping into the 2D research, more materials
have been studied beyond TMD. One of the material is black phosphorus. Unlike
the molybdenum disulfide with relatively large band gap more than 1.3 eV, black
phosphorus bulk materials shows about 0.3 eV bandgap, and its mobility is much
higher than molybdenum disulfide. Another unique part is that the material shows
in-plane anisotropy, which comes from its anisotropy structure. We will come to this
point in next part in details. As the most stable allotropy of phosphorus, the synthesis
of the materials is not simple. It needs either a very high pressure or a long time
in a inert environment for a long time, which makes the single layer synthesis quite
challenging.
Nowadays, more materials are being studied, while the research is likely to con-
tinue in this mode for a long time, it is still not clear what is the ultimate material
people are looking for. However, more understanding of the materials, as well as new
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device concept based on the new materials might be helpful for the future industry
applications.
1.1.2 Electronic and Optoelectronic Devices based on 2D Materials
As the goal of my research focused on the device applications of these 2D materials,
here I give a overview of the devices made on 2D materials.
As the transistors made on silicon device continue to scale down in the past
decades, people are looking for new material to continue the scaling as the feature
size of the transistors reached nanometer regime around 2000. First, people found
the carbon nanotube and nanowires are quite interesting due to their small diameters
down to a few nanometers. This makes them quite promising as the silicon device
was still around 100 nm at that time. However, the synthesis method for large area
device fabrications have been a big issue since then. So, there is no big progress in
the industry after nearly 20 years.
However, the searching for new materials has never stopped. As people found
graphene had a high mobility, and its ultra thin body also makes it possible for
ultra thin body devices applications, which might have good performance at ultra
scaled nodes. Though the materials themselves are quite different in nature between
graphene and carbon nanotube, the transistor made on them shared quite similar
structure. Typically, the new materials are used as a channel materials, and metal
contacts are made on the channel to form the source drain contact. To make the
fabrication process easier, sometimes people use a back gate structure, in which silicon
oxide and heavily doped silicon substrate are used as gate oxide and gate. For a top
gate device, an oxide dielectric can be deposited using atomic layer deposition (ALD)
or other method, and the deposit the gate metal. As shown in Fig.1.1, it shows a
schematic of a simple device structure made on 2D materials.
Though graphene has a high mobility, its zero bandgap makes it hard to turn off,
so it often shows on and off ratio of around 10, which is too low for typical digital
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applications (requiring at least 1000 or more). There are different ways people have
tried to get a bandgap in graphene [9]. For example, researchers tried to etch the
graphene into nano ribbon to get a small bandgap, while the mobility of graphene
also decreases due to the roughness of the edge. Further analysis showed that if
we wanted to have the similar bandgap as the traditional semiconductors, like some
three-five group materials, the mobility of graphene nano ribbon would not show
obvious advantage over traditional semiconductors. However, the ultra-thin body
of graphene is still an advantages over traditional semiconductor, as with such thin
layer, traditional semiconductors often suffer from dangling bonds and rough surface.
Fig. 1.1. A schematic of a typical MOSFET made on 2D materials
with a back gate structure on a Silicon and Silicon Oxide substrate.
Meanwhile, researchers kept working on finding new 2D materials with a finite
bandgap so that it can be used for MOSFET. Molybdenum disulfide is one of the
materials that attracted a lot of attentions. With the similar structure as graphene
device, the device can show on and off ratio up to six or seven orders of magnitude
using single layer molybdenum disulfide. The maximum drive current in the device
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is not large enough (less than half of or even less) compared with mainstream silicon
devices. One of the way to increase the current is to use multilayer molybdenum
disulfide as the channel material. However, the maximum current is still way lower
than the typical digital requirements (1A/mm). At the same time, other materials in
the TMD groups were also studied for MOSFET applications. Though their charac-
teristics may be different from molybdenum disulfide devices, the limited current is
still the biggest issue. At this moment, it is expected that these TMD materials can
be used for low power low cost situation, or flexible electronics as the 2D materials
are flexible in nature.
Black phosphorus is also a possible channel material for this kind of device struc-
ture. Thanks to its smaller bandgap compared with molybdenum disulfide, it shows
a higher mobility, and often a high maximum current in this kind of MOSFET de-
vices. Though its on and off ratio is often smaller which is often four to five orders
of magnitude, it is still good for digital applications. A big difference is that black
phosphorus is not as stable as molybdenum disulfide, so the single layer or very thin
devices often suffer from degradation in the air as will be discussed later. Another
important difference is that the device made on black phosphorus is dependent on its
direction due to the in-plane anisotropy of black phosphorus as will be discussed in
the next section.
There are many new materials are being studied for MOSFET applications. Though
the materials are new, the device structure is basically the same as mentioned above,
and the operation mechanism is also quite similar. We will discuss more in details
about the device operation later.
There were also some other electronic devices being studied based on 2D materials.
Unlike the traditional semiconductor in which different doping type and level can be
achieved by implantation process, 2D materials are often hard to dope. So the basic
p-n junction in 2D materials are not easy to get. In terms of doping, some chemical
doping method have been developed based on certain chemical solutions, however,
most of them are not stable for a long time [10]. There are also other methods. For
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example, as the gate can modulate the Fermi level of the 2D materials, the electrically
doping method can help form a p-n junction [11]. Another method is to put different
types of 2D materials and put them together to form a p-n junction using the van
der Waals interactions between different layers [12].
Compared with traditional hetero structure devices, the hetero structure based
on 2D material are free from constraints of lattice constants between different ma-
terials in the hetero structure. By combining different materials together through
this kind of structure, many different device applications have been studied. New
concept MOSFET, tunneling FET, optical devices have been made on this kind of
heterostructure [13–15]. One of my project is related to this kind of devices, we will
come to more details in that chapter. Here we also need to notice that there are also
another way to realize 2D heterostructure, which is using a chemical vapor deposition
method to synthesize two different materials to grow in the lateral directions. In this
case, a lateral heterostructure is formed [16]. However, as the they need to grow in
the lateral direction, there are some constrain in terms of materials selections as they
need to share similar crystal structures.
2D materials are also good for use in some optical device applications. For ex-
ample, graphene photodetector showed very high operating frequency and very wide
detection wavelengths range due to its intrinsic high mobility and zero band gap.
However, its zero band gap makes its photo responsivity very low compared with most
traditional semiconductor photodetector. The recent discover 2D materials showed
various band gaps. This makes them good for use for photodetection in different
wavelengths regimes. They photodetectors based on these 2D materials often shows
a higher responsivity compared with graphene. For example, photodetector made on
molybdenum disulfide showed a very high responsivity up to 880 A/W [17]. Photode-
tector based on Black phosphorus thin film can be used for infrared photodetection,
and also shows a polarization sensitivity as will be discussed in the following chap-
ters [18]. Though there are many other optical applications based on 2D materials,I
focus on the optoelectronic devices, especially photodetector, in my thesis work.
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1.2 Basic Properties of Molybdenum Disulfide and Black Phosphorus
In this part, a brief introduction of the materials properties are given. As both
synthesis and device applications are strongly related to the material properties, it
will be better to have a basic understanding before we start to discuss about the
details of the research.
1.2.1 Molybdenum Disulfide Properties
Molybdenum disulfide is composed of two elements: molybdenum and sulfur. The
compound is classified as a transition metal dichalcogenide (TMD). It is a silvery
black solid that occurs as the mineral molybdenite. It is relatively unreactive, and is
widely used as a solid lubricant because of its low friction properties and robustness.
Its bulk form is a diamagnetic, indirect bandgap semiconductor similar to silicon,
with a bandgap of 1.3 eV.
Similar to graphene, single layer or few-layer molybdenum disfulfide can be ob-
tained through scotch tape exfoliation. Due to quantum confinement effect, the
bandgap of changes from about 1.3 eV to about 1.8 eV as the thickness of it de-
crease to single layer. This will make a big difference when electronics applications
as considered based on different thicknesses of molybdenum disulfide.
1.2.2 Black Phosphorus Properties
Black phosphorus is the most stable allotrope of phosphorus. It was first discov-
ered in 1914 by applying high pressure on white phosphorus. However, just from the
beginning of 2014, this material has drew much more interests from 2D research com-
munity. This layered material shows a 0.33 eV direct band gap in bulk, and its band
gap increases to more than 1 eV in monolayer form, which is called phosphorene.
Black phosphorus is mostly obtained through synthesis through high pressure
method or catalyst method. Black phosphorus was first synthesized in 1914 by ap-
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plying high pres-sure on white phosphorus [19]. It was not until very recently that
black phosphorus could be prepared under lower pressures. Lange and his colleagues
reported a low-pressure method to produce high-quality black phosphorus by using a
mineralizer as reaction promoter under non-toxic conditions [20].
Based on the synthesized black phosphorus, its basic physical properties were
studied. At normal conditions, bulk black phosphorus shows a layered structure,
which is much like graphite. The atomic structure is shown in the figure below. Like
molybdenum disulfide, the bandgap of black phosphorus also changes depending on
its thickness. At bulk form it has a bandgap about 0.3 eV, while at its single layer
form it has a more than 1.0 eV bandgap.
Fig. 1.2. The schematic of black phosphorus crystal structure.
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2. SYNTHESIS OF 2D MOLYBDENUM DISULFIDES
2.1 Introduction
Material is the basic starting point of any electronic devices. Without a high
quality material, there is no way to get high performance devices. Without an easy
way to get the material, there is no hope that the device based on it can be used for
mass-production products.
Though 2D materials have been studied for more than 10 years, the production
of the material itself is still a big challenge. Although significant progress have been
made on graphene synthesis in the last 10 years, it is still a big challenge to bring
graphene into the industry, especially semiconductor industry.
In the research of 2D materials beyond graphene, our group has made progress
on 2D research on molybdenum disulfide electronic devices. However, most of the
previous research in our group were still based on small flakes from scotch tape method
from a bulk material. To further improve our knowledge from material prospective,
and to gain the ability to study the application of the material from synthesis to
devices, the first part of my thesis work is set to realize the chemical vapor deposition
of molybdenum disulfide.
In this chapter, I discuss about the synthesis of 2D molybdenum disulfide in de-
tails. Obviously, the goal of the work is to get single or several layer material on a
quite standard semiconductor substrate with uniform quality, so that large number
of electronic devices can be made on it with relatively uniform device performance.
Compared withe traditional semiconductor materials which are used in the electronic
products, the 2D materials obtained from scotch tape method are randomly dis-
tributed on substrate and are not compatible with current semiconductor process.
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To realize a stable synthesis of large area of 2D materials might be the first step to
realize any possible applications in the real world based on them.
In the following sections, I will first talk about the reaction mechanism of the
synthesis, and then describe the system and the experiment setup in details. Then, I
will talk about the the experiment results and the analysis of the results.
2.2 Synthesis Reaction Mechanism
Before the study of its 2D form of molybdenum disulfide, there were some research
papers on its nanotube synthesis [21]. Basically, it is a two-step reaction process as
shown below. First, MoO3 reacts with sulfide to form MoO3-x and SO2. Then MoO3-x
continue to react with sulfide to form MoS2 and SO2.
Fig. 2.1. Reaction mechanism of synthesis of molybdenum disulfide
from molybdenum oxide and sulfide
As it is a two step reaction there might be some issues if sulfide is not enough to
push the reaction to the second process. Then, for example, an reaction can happen
in the way below, and there is no MoS2 obtained. Or it is possible a mixture of MoS2
and MoO2.
Fig. 2.2. If sulfide is not enough, it is possible that only MoO2 is
obtained rather than MoS2
People have used this method as a good way to synthesize MoS2 nanotube. Also,
some early work on synthesis of 2D MoS2 is also based on this method [8]. There are
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some other way to do the synthesis in some other research papers. For example, a
early method was based on the annealing of (NH4)2MoS4 in an argon or argon and
sulfide gas flow for a long time [22]. Another example is that they used atomic layer
deposition to deposit a thin layer molybdenum oxide, and then put it in sulfide gas
environment to anneal for a long time [23].
Although there are different possible methods later on, based on the equipment we
had at the time I started the experiment, I chose the reaction between molybdenum
oxide and sulfide as I discussed above as a starting point. The reason is that the pre-
cursors are quite easy to get, and the nature of the reaction is relatively simple. Most
important part is that this reaction process fits our system well. As I will discussed
in the next section, our system is a quite simple three-zone chemical vapor deposition
furnace, which can work at atmosphere pressure or a little below atmosphere pressure.
Both the temperature and the pressure used in this reaction is possible to realize in
our system.
There are several other points I want to mention here. Although the reaction
mechanism was chosen based on the experiment equipment, there are still many
conditions need to be choose. For example, some of the paper used some organic
semiconductor material with small dimensions to spread on the substrate as a seeding
layer to help the material growth [8]. There are also some research papers using some
pattern on the substrate to help the material growth [24]. The key point is that either
the organic seeds or the patterns are helpful for the thin film to form at the surface
by enhance the aggregation and nucleation process.
In our experiment, we spread the perylene-3, 4, 9, 10-tetracarboxylic acid tetrapotas-
sium salt (PTAS) to the substrate as a seeding layer to make it easier to get thin film
deposited on the substrate. From some early publications, this will make it easier to
tune the experiment parameters as there are many different parameters need to take
care of [8].
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Another important point is that the goal of the synthesis is to get single or sev-
eral layer of the material on the substrate. That means the thickness control is an
important issue.
The thickness of the deposition film depends on how much gas phase MoS2 become
thin film deposited on the substrate. This is related to the partial pressure of the
gaseous MoS2 and the vapor pressure of the MoS2 film. To make thin film deposition
happen, the partial pressure of the gaseous MoS2 should be larger than the vapor
pressure of the MoS2 film. As the vapor pressure of MoS2 with different thicknesses
are different, for example, to realize single layer synthesis the partial pressure of the
gaseous MoS2 should be larger than the vapor pressure of single layer MoS2 but less
than vapor pressure of two-layer MoS2.
In the experiment, there are several parameters that could make a difference on
these pressures. For partial pressure of gaseous MoS2, it is related to the amount of
precursors and the total pressure of the system. In terms of the vapor pressure of
MoS2, it is related to the property of the substrate such as the temperature of the
substrate and also the specific material properties of the substrate [25].
For our CVD system, the system can only be run at atmosphere pressure or little
bit lower than that, so the pressure cannot be changed to much. However, the other
three are important factors that we need to consider in the experiments.
2.3 Chemical Vapor Deposition System Setup
In this part, I will described the system we use in the experiment, and also the
details of the experiments.
As shown in the figure below, our system is a chemical vapor deposition system
with three temperature zones control. The left hand side of the quartz tube is con-
nected to the argon gas source, a flow meter is used to control the flow rate of the
gas. The right hand side of the tube is connected to two different tubes. One goes
into the fume hood for exhausting the gas, another is connected to the vacuum pump.
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We can turn on and off each of these two by turning on and off the corresponding
valve. The reason that we need tow different tubes for exhaust gas is that we need to
do the heating and reaction process in atmosphere pressure, and make sure the tube
is filled with inert gas by repeating pumping down the system and then fill it with
argon several times.
Fig. 2.3. A three-temperature-zone CVD system used in the experiment.
For the experiment, the basic process is shown in the figure below. The sulfur
power was placed in a alumina boat upstream, while the MoO3 powder was placed
downstream. The argon flow with 5-10 sccm can bring the sulfur vapor to downstream
and react with the MoO3. Also, the gas flow will bring all the exhaust gas out of the
tube. The wafer was faced down and place on the alumina boat. There is MoO3 in
this alumina boat. The reason that we used this setup is that it was found that this
can make it easier to get thin film deposited on the substrate. There is some distance
between these two alumina boat, and was around 25 centimeters in the experiment.
A certain distance is needed as in the real experiment, different temperature zones
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may disturb each other. If two positions are to close, then the temperature of either
of them may not be able to maintain the temperature of its own zone. The two
zones are in different temperature during the experiment. For the sulfur evaporation,
the temperature is around 150 degree Celsius, while for the evaporation of MoO3
and the reaction and deposition of the thin film 650 degree Celsius was used for the
MoO3 zone.The temperature of the furnace was increased from room temperature
to the target temperature and kept for a 3-5 minutes to achieve a relatively thin
deposition. After that a large argon flow to used to blow out all the reaction gases
in the tube to avoid any reaction at low temperature as the deposition is sensitive to
the temperature. After the system was cooled down to room temperature, the wafer
can be taken out.
Fig. 2.4. Experiment process inside the quartz tube for the deposition
2.4 Experiment Results and Analysis
In this section, we will talk about the experiment results based on this method.
Also, we will discuss about the importance of different parameters in the experiment
and the optimization process.
16
In the experiment, the substrate is thermal growth silicon oxide on silicon wafer.
It is easy to use microscope to observe the thin film on the wafer, by the contrast,
the thickness of them can be estimated when combined with atomic force microscope
(AFM). The Raman spectrum of it can also be obtained to compare with the published
data or exfoliated sample to confirm the quality of the film. These methods were
combined to characterize the quality of the thin film.
At the beginning of the experiment, PTAS was spread on to the substrate. How-
ever, as PTAS is dissolved in water so its water solution was used for the experiment.
The wafer should be cleaned carefully, first through the standard solvent clean, fol-
lowed by piranha clean to remove any organic residue. The piranha clean can also
makes the wafer hydrophilic, which is necessary to spread the PTAS solution. An
oxygen plasma clean process may be used if necessary.
Then the PTAS solution with different concentration was spread on the substrate.
Although the wafer is more hydrophilic after the piranha clean, it is challenging
to spread the solution evenly on the wafer. More importantly, the PTAS need be
spread evenly after the water evaporates. In our daily life, at the end of the water
evaporation process on a surface, it always tends to form some small bubbles and
then these bubbles become smaller and smaller, and then finally leave some traces
on the surface. The same will also happens to our substrate. If we let the water dry
in the air, finally we will find some circle-shape traces on the substrate, in which the
concentration of PTAS is much higher than outside. If the concentration of PTAS is
very high, we can observe some color traces on the substrate. So we can see obvious
colorful traces on the wafer if PTAS is not spread evenly.
Efforts have been made to spread it more evenly. One of the idea is that we might
use the spin coating machine for it. However, as the water solution is not as adhesive
as photoresist, after a while most of the solution will go to the edge of the wafer, which
makes them not uniform across the wafer. A method that worked better is that I drop
a small amount of the solution, and blow dry it with nitrogen gun. Then just before
it is going to form some smaller bubbles, I try to blow these solution and let them
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evenly go across the surface several times, until it dries. From the results we got, this
is the best method I found that can make the PTAS relatively uniform. However, a
better way might be to use thermal evaporator to evaporate the PTAS and deposit it
uniformly on the substrate, which was later demonstrate by some other groups [26].
At the time I did the experiment, we do not have the capability of evaporating it for
uniform seeding layer, so I used the simple method as mentioned above.
Fig. 2.5. Optical image of synthesis sample at early stage of experi-
ment, the scale bar is 10 micron.
At the early stage of the experiment, some small green triangle shape flakes were
observed on the substrate as shown above. However, it is not so uniform as at the
early stage I had not developed a good way to spread the PTAS. The thickness of the
flake was also relatively thick, which is often more than 10-20 nm. The lateral size of
them are around 10 micron. Also we can see some shiny small triangles at the center
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of the green triangle, which is thicker film compared with the green part. However,
the Raman mapping showed that the material itself was indeed MoS2 as shown in the
figure.
Fig. 2.6. The Raman spectrum of the synthesis flake.
Fig. 2.7. Raman mapping of a triangle shape showing the peak near
383 cm-1 is uniform across the whole flake. .
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Fig. 2.8. Raman mapping of a triangle shape showing the peak near
418 cm-1 is uniform across the whole flake.
Fig. 2.9. Raman mapping of a triangle shape showing the peak near
455 cm-1 is uniform across the whole flake.
One point I need to mention is that the Raman spectrum here is not exactly the
same as which in some other references. However, compared with the data from the
exfoliation flakes from bulk materials, it is exactly the same. This difference might
be related to the details of each Raman stage, also the difference might come from
the substrate.
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The purpose of our synthesis is to achieve large area, uniform and thin film. At
the early stage, I got the synthesis of this material, which confirm the method is
feasible. Then I tried to optimize different parameters to achieve the goal.
Fig. 2.10. An optical image shows thicker and continuous film when
the concentration of PTAS is higher.
The first ting I tried is to optimize the concentration of the PTAS. Different
concentrations have been used under the same condition. It was found that if the
concentration is too high, then under the same condition the thin film is relatively
thick. If we used very low concentration of simply did not use it, then it was not
easy to get anything deposited on the substrate. Here are the optical images from
the microscope for some of the samples. Although in the later part we might need to
realize that even the concentration we got at this moment might not be the best for
other experiment conditions, as we need to optimize other parameters as well. This
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still provided a useful guideline that help up know what the phenomenon is when
using different concentration of PTAS.
Fig. 2.11. An optical image shows lower concentration of PTAS re-
sulted in very small dots formed, rather than thin film on the sub-
strate. The scratch at the center is to show the difference of the
synthesis part and the original wafer.
As discussed in the last section, the amount of precursor is important as it can
determine the thickness of the film, and whether the reaction can be completed. So
different amounts of precursors have been used to understand their impacts on the
synthesis films.
As mentioned in the last section, the reaction process consists of two steps. If the
amount of sulfur is not enough, then it is possible that the MoO2 will be obtained,
rather than MoS2. This can also be seen in the figure below.
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Fig. 2.12. Optical image of a sample shows the MoO2 is obtained on
the substrate when sulfur is not enough for the reaction. The red
square shape product is MoO2, while the triangle shape thin film is
MoS2.
However, the relative amount of sulfur not only depends on the amount the sulfur
put in the furnace, but also depends on the temperature of the zones, the relative
amount of MoO3, temperature distribution. As mentioned in the previous sections,
the amounts of sulfur and MoO3 gases are what really matters. They depend on the
amount of the precursor we put in the alumina boat, the surface area of it, and the
temperature of that zone. Below are some images showing the results with different
amount of sulfur while keeping other parameters the same.
As the temperatures of different zones are not strictly the same as what we set due
to the non-ideal thermal insulation between different zones. The actual temperature
distribution also makes a difference on the results. Also, as the temperature first
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Fig. 2.13. Optical image of synthesis MoS2 with 5mg sulfur as pre-
cursor, compared with the next figure, we can see that the thin film is
obvious thinner from the optical contrast. This is relatively a general
phenomenon observed in most of the experiments. However, there
might be variations across the same wafer.
increase and then maintain for a while and then cool down. This complicated pro-
cess makes the disturbance between different zones even more complicated.To realize
better synthesis, besides the theory we knew, we had to do more experiments to find
the optimized conditions.
As the substrate and the MoO3 are put in the same temperature zone, the tem-
perature of the this region makes a big difference on the deposition of MoS2. Different
temperature have been used to find out the optimization temperature. From litera-
ture and also confirmed by the experiment, around 650 degree Celsius is good for the
synthesis. A higher temperature increase the amount of MoO3 gas, and also increase
the reaction speed through enhance the diffusion process. If the temperature is too
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Fig. 2.14. Optical image of synthesis MoS2 with 15mg sulfur as pre-
cursor, compared with the previous figure, we can see that the thin
film is thicker.
high, it was found that the synthesis film was quite thick, and the small flakes were
not in a good triangular shape, but with a very rough edge, as we can see in the fig-
ures below. If the temperature is low, it is likely that there is no thin film deposited
in most of the regions, and there are some tube shape structures deposited on the
substrate.
As the cooling down the system takes some time, so during this process, the
residue gases in the system may still react with each other at a lower temperature. As
mentioned before, this may results in some unwanted deposition during this process.
A possible way to avoid any unwanted growth at temperature that is lower than the
target value is to use a very large argon flow to bring most of the reaction gases out
of the system immediately after the deposition time near the target temperature.
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Fig. 2.15. Optical image of synthesis MoS2 under 700 degree Celsius,
which is higher than the optimized temperature. The film is thicker,
and the edge is rough.
It was found that this can help improve the overall quality of the deposition film.
As some tube structures, low quality film or MoO2 can be found on the substrate,
which indicated the phenomenon of synthesis at low temperature.
At the end, we achieved large area monolayer triangle flakes and multilayer con-
tinues thin film deposition on this silicon oxide and silicon substrate. Below are some
optical images showing large area flakes and continuous thin film. We can see that
for the flakes, it often shows a lateral size of 10 to 20 micron, some times it can go
up to 50 micron. We can see the variations of size from flakes to flakes. This is very
common in our sample, as well as in some other literature. In the device study in
university, we can do fabrication on similar size flakes and study their characteristics.
However, in the real industry applications, what they need is continuous film. As
26
Fig. 2.16. Optical image of synthesis MoS2 under 600 degree Celsius.
More tube structures were observed rather than thin film.
show in the figure, we can see the transition from isolated flakes to continuous thin
film. The reason that there is transition region is because the size of our alumina
boat is limited, so only the center of the wafer can get more reaction gases, while
near the edge of the wafer if often shows less thin film deposited.
In terms of the device study based on the synthesis flakes, we can see that there
are different kinds of shapes in the figure below. Study from other group have shown
that the grain boundary in the non-triangular shape can be a concern in terms of the
uniformity of the electrical properties, though it is not a significant difference [27]. It
might be a good choice to do device fabrication on the triangular shape flake to avoid
any issue.
We also tried to do the synthesis of MoS2 on different substrate. We got some wafer
pattered with around 50 nm silicon oxide fin to study the possibility of synthesize
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Fig. 2.17. Optical image of synthesis MoS2 single layer flakes
MoS2 on the fin. The idea is that if the thin MoS2 can be synthesis uniformly and
cover the fin well. Then either top gate which is fabricated afterwards or a bottom
gate might be possible if a silicon fin is used. The advantage is that as the MoS2
is used as the channel material, its coverage over fin structure can lead to a large
normalized current compared with a planar structure. As from the top view, in a
certain channel width, the actual effective channel width of the MoS2 on fin is larger
than in the planar case as it gets advantages on the 3D structure. Moreover, as Finfet
also suffers from the limited scalability in terms of the fin thickness, the 2D nature
of MoS2 can maintain a better quality in ultra thin body devices.
The same method was used to do the synthesis of MoS2 on this substrate. The
substrate consists of bare silicon region and the silicon oxide fin region. By looking
at the silicon region, we can make sure that there is some MoS2 deposited on the
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Fig. 2.18. Optical image of transition region of continuous film and
flakes of synthesis MoS2
Fig. 2.19. Optical image of synthesis MoS2 flakes with different shapes.
substrate. This can help us make sure the deposition condition is good. Then we
can compare it with the results on the silicon fin to see what is the impact of the
difference on the synthesis.
From optical image and SEM we can see there is triangular shape MoS2 deposited
on the bare silicon region, though the contrast is not clear. Through the SEM image,
it is quite clear there are some triangular shape MoS2 deposited on it as we can see
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Fig. 2.20. Optical image of synthesis MoS2 flakes on bare silicon.
in the figures below. From the optical image, we can see that near the boundary
between the two regions, the shape of the flakes are quite different in these two
regions. However, there still are some flakes deposited on the silicon oxide fins, as
some triangular shape structure can be seen through the optical images. However,
those triangle seems being pulled in one direction.
However, if we looked at the SEM image of the flakes on the fins, we can see that
some of them fill the gap between the fins, some them cover on top of them, while
some of them cover the top and also fill the gap. It seems that the deposition is
not uniform across the fin surface, and the starting point is more likely in the gap.
However, more understanding are needed to further optimize the conditions.
As the project was terminated at that time, the optimization of the synthesis
on the fin structure was not studied. However, a paper appeared in last year from
Taiwan demonstrated that it is possible to realize MoS2 thin film deposition on the
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Fig. 2.21. Optical image of synthesis MoS2 flakes on silicon oxide fins
fin, and is successfully integrated with standard Finfet process to demonstrate good
performance device [28].
2.5 Summary
In this chapter, we discussed about the synthesis of MoS2 on silicon substrate
for electronic applications. This is the first project I was involved for my graduate
research.
First the reaction mechanism was studied in details. A basic understanding of
the reaction mechanism and impacts of different parameters were explored. A proper
method that should work better for the system we have was chosen, and the proper
precursors were prepared. Meanwhile, the new CVD system was setup in a new lab,
this takes a lot of efforts as a lot of details had to take care of.
Experiment efforts had been made to combine the experiment results with the
reaction mechanism to optimize synthesis. The impact of different parameters have
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Fig. 2.22. Optical image of synthesis MoS2 flakes near the boundary
of bare silicon and silicon oxide fins
been studied in details. Large area single layer flakes and few layer continuous thin
film have been successfully deposited on the substrate.
Moreover, substrate with silicon oxide fins were used for deposition. Although
the flat surface showed good deposition, the coverage over the fin structure is not
uniform, which need further efforts.
The study of the synthesis of ultra-thin MoS2 on silicon substrate is the starting
point of my graduate research. In the next chapter, based on the synthesized MoS2,
electronic devices were studied. This also gave me a good opportunity to study
and understand the synthesis of semiconductor thin film, and also a good hands-on
experience on semiconductor equipment. This is very helpful for the research in the
next step, and also for my future career.
Right now, more research efforts on synthesis of MoS2 and this group of materials
have been made. Different methods have been explored, and wafer size single layer
thin film have been deposited. The integration process into the standard Finfet
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Fig. 2.23. SEM image of synthesis MoS2 flakes on silicon.
process have also been demonstrated as mentioned above. With the good approach
to synthesize the material on traditional substrate and integrate with traditional
process, MoS2 shows possibility for use in future semiconductor devices.
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Fig. 2.24. SEM image of synthesis MoS2 flakes on silicon oxide fins,
the synthesis flake cover some of the gaps between fins
Fig. 2.25. SEM image of synthesis MoS2 flakes on silicon oxide fins,
the large flake shows triangular shape.
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Fig. 2.26. SEM image of synthesis MoS2 flakes on silicon oxide fins,
detailed look at the gap between fins.
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3. HETEROSTRUCTURE BASED ON MOLYBDENUM
DISULFIDE AND BLACK PHOSPHORUS
3.1 Introduction
As mentioned in the first chapter, the unique nature of 2D materials make them
good for hetero structures study. Based on the synthesis material we had as discussed
in the last chapter, in the chapter, we got the chance to explore the applications of
the deposition film.
In the electronics world, p-n junctions are the basic building blocks of mod-
ern semiconductor devices, including diodes, bipolar transistors, photodiodes, light-
emitting diodes, and solar cells. In the conventional p-n homo-junction, the p- and
n-type regions are formed by chemically doping a bulk semiconductor, creating a
graded junction region. P-N heterojunctions can be realized by epitaxially growing
an n-type semiconductor on another p-type semiconductor or vice versa, and can form
abrupt p-n junctions.
Relying on the van der Waals interactions, atomically sharp 2D heterostructures
can be achieved without the problems caused by lattice mismatches between ma-
terials. Moreover, the ultra-thin nature of 2D heterostructures allows for electrical
modulation of the band structure in the vertical direction. This creates a new avenue
for the realization of novel 2D electronic and optoelectronic devices [13, 29–33].
In this chapter, we studied an electrically tunable black phosphorus-monolayer
MoS2 van der Waals heterojunction p-n diode. To the best of our knowledge, this
was the first 2D heterostructure demonstrated using black phosphorus. It was also
among the earliest publications about the p-n junction from by different 2D materials
through van der Waals interactions.
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The p-type black phosphorus and n-type monolayer MoS2 form an atomically
sharp type II hetero-interface through van der Waals interactions [34, 35].The p-n
diode exhibits gate tunable current-rectifying characteristics. Upon illumination, the
p-n diode can be used as photodetector with a maximum responsivity of 418 mA/W,
which is nearly 100 times higher than that reported for few-layer black phosphorus
phototransistors, and 26 times higher than that recently reported for WSe2 p-n diodes
[36–38]. The photovoltaic power generation in the diode reaches a peak external
quantum efficiency of 0.3 percent. Furthermore, photocurrent mapping confirms that
the current is generated throughout the entire overlapped p-n junction region, showing
its feasibility for use in large area solar cells and photodetectors.
In the following sections, we will first discuss about the device fabrications and
basic characterizations. Then we will talk about the electrical properties of the p-n
junction, as well as the optoelectronic properties of the p-n junction will be discussed.
Then a simplified device model is used to understand the device operation mechanism.
Finally, we will summarize this part and give some future outlook.
3.2 Device Fabrications and Characterizations
In the experiments, monolayer MoS2 was synthesized by chemical vapor deposition
(CVD) on a 285 nm SiO2/p+ doped Si substrate using MoO3 and sulfur. More
information about the method can be found in the last chapter. Few-layer black
phosphorus was mechanically exfoliated using adhesive scotch tape from bulk material
onto a SiO2 substrate on which CVD monolayer MoS2 had been synthesized. Due
to van der Waals interactions, 2D black phosphorus-monolayer MoS2 heterojunctions
can be formed at the overlapped regions.
Electron-beam lithography was used to define the contact patterns. Finally, 20/60
nm of Ni/Au were deposited as metal contacts. In the figure below, we can see the
schematics of the device structure and the electrical connections. A voltage (Vd) was
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Fig. 3.1. Schematics of the device structure. A p+ silicon wafer
capped with 285 nm SiO2 is used as the global back gate and the gate
dielectric. Few-layer black phosphorus flakes were exfoliated onto
monolayer MoS2 in order to form a van der Waals heterojunction.
Ni/Au were deposited as contacts. During the electrical measure-
ments, a voltage Vd is applied across the device. The voltage bias Vg
is applied to the back gate.
applied across the diode, and a voltage (Vg) was applied to the p+ doped silicon as
a back gate, which can electrically modulate the device.
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Fig. 3.2. Optical image of the fabricated device. The dark purple
region is monolayer MoS2 , while the blue flake is few-layer black
phosphorus. The light purple region is SiO2 . Scale bar, 10 micron.
The optical image of the fabricated device is also shown in the image above, and
all the following results were obtained from this particular device unless otherwise
specified. To achieve better current collection and reduce series resistance, the MoS2
electrode is designed to surround the black phosphorus flake.
The thicknesses of the few-layer black phosphorus flake and monolayer MoS2 are
about 11 nm and 0.9 nm, respectively, as determined from the atomic force microscopy
measurements shown in the figure below. This suggested that the MoS2 is monolayer.
The monolayer nature of the MoS2 can be further confirmed by the peak position ( 1.8
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Fig. 3.3. Atomic force microscopy image of part of the junction region.
It shows that the black phosphorus and MoS2 films are 11 nm and 0.9
nm thick in this device, respectively. Scale bar, 2 micron.
Fig. 3.4. (a) Photoluminescence spectrum of the MoS2 thin film. It
shows a strong peak close to 1.8 eV, confirming that the MoS2 is
a monolayer. (b) Raman spectra of the MoS2, black phosphorus,
and the overlapped regions. Both of the black phosphorus and MoS2
Raman peaks can be observed in the overlapped region.
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eV) in its photoluminescence spectrum, shown in figure below. The Raman spectrum
from the black phosphorus, monolayer MoS2 and the heterojunction regions are pre-
sented in the figure below The observed Raman-active modes of black phosphorus
and MoS2 are consistent with previously literature data. The peaks of both MoS2
and black phosphorus can be observed in the overlapped region with very little shift
from their positions in the non-overlapped regions, indicating good quality of thin
films in the junction region after exfoliation and device fabrication.
3.3 Electrical Properties of the P-N junction
Fig. 3.5. Gate tunable IV characteristics of the 2D p-n diode. The
current increases as the back gate voltage increases. The inset (1)
shows the IV characteristics under semi-log scale. The inset (2) shows
the rectification ratio as a function of back gate voltage Vg.
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Fig. 3.6. Transfer curves of p-n diode for both forward and reverse
Vd bias with back gate modulations.
In the section, we studied the electrical characteristics of the fabricated device.
In this section, all the measurements were performed in ambient atmosphere. The
electrical measurements were performed using Keithley 4200 Semiconductor Charac-
terization System.
The image above shows the gate tunable I-V characteristics of the p-n diode,
and the inset (1) shows the I-V curves on a semi-log plot. The current-rectifying
characteristics can be modulated by the back gate voltage, shown in the inset (2).
The rectification ratio, defined as the ratio of the forward/reverse current, increases
as the back gate voltage decreases. By using -30 V back gate voltage, a rectification
ratio of 105 is obtained at Vd = -2/+2 V. Additionally, the ideal factor of the p-n
diode increases as the back gate voltage increases as we can see later after fitting
42
Fig. 3.7. (a) and (b) show the gate tunable IV characteristics of
two different p-n diodes.The characteristics of the 2D p-n diodes are
reproducible in many devices. However, with different junction areas
and contact qualities between the flakes, variations were observed.
Fig. 3.8. Fitting curves and the experiment data of the p-n diode
under semi-log and linear scale.
the IV curves, and achieve a minimum value of 2.7 with a back gate voltage of -30V.
These strong current-rectifying characteristics indicate that a good van der Waals p-n
heterojunction formed between p-type black phosphorus and n-type MoS2.
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Fig. 3.9. Ideality factor under forward bias as a function of back gate voltage.
The modulation effect of the back gate voltage can also be seen in the transfer
curves above. Both forward and reverse currents can be substantially increased by
increasing the back gate voltage. These results can be explained by a simplified
model describing the current transport of the p-n diode, which will be discussed in
the following section.
For simplicity, the total resistance of the device can be roughly divided into three
parts: the resistance of the p-n junction near the interface, the sheet resistances of
MoS2 and few-layer black phosphorus, and the contact resistances of metal/MoS2
and metal/black phosphorus. The current-rectifying characteristics come from the
p-n interface region, which may be modeled as many parallel p-n diodes. The band
alignment of MoS2 and black phosphorus at the p-n junction interface can be modu-
lated by the back gate voltage. This can explain why the rectification ratio increases
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as the back gate voltage decreases, and the ideal factor decreases as the back gate
voltage decreases. Moreover, the back gate voltage can also modulate the sheet re-
sistance and the contact resistance. As the device size is relatively large, the sheet
resistances are more significant than the contact resistances. Because the sheet resis-
tance of CVD monolayer MoS2 is much larger than the 11 nm black phosphorus, the
overall device resistance is strongly impacted by the resistance of MoS2. By increasing
the back gate voltage (Vg), both the resistance of MoS2 and its contact resistance are
reduced, which can efficiently boost the total current under both forward and reverse
bias.
The characteristics of the 2D p-n diodes are reproducible in many devices. How-
ever, with different junction areas and contact qualities between the flakes, variations
were observed. In the figure above, we show two different device characteristics. Both
of them show strong rectifying characteristics.
In order to understand more of the p-n diode, here we analyze the ideal factor of
the fabricated p-n diode. Two different methods are used to extract the ideal factor.
First, we try to use a simplified circuit model to fit the IV curves of the p-n diode.
To achieve a better fitting of curves under both forward and reverse bias, two opposed
diodes are connected in series, and each with its own series resistance. It can fits well
of both forward and reverse bias region, the fitting curves and the experiment data of
the device with zero back gate voltage are shown above. Then the ideal factor can be
extracted under the forward bias with different back gate voltage, as shown in above.
The ideal factor increases as back gate voltage increases, which can be attributed to
the modulation of band alignment with various back gate voltage, as discussed above.
Then, we extract the ideal factor directly from the IV curves using the method
from [39] at low voltage regime. The minimum ideal factor is 2.7 with a back gate
voltage of -30 V. The relatively large ideal factor can be attributed to large trap
density at the interface.
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3.4 Optoelectronic Properties of the P-N junction
Fig. 3.10. IV characteristics of the p-n diode under various incident
laser powers. The inset shows the details in the reverse bias region.
As good current-rectifying characteristics were achieved, the optoelectronic char-
acteristics of these 2D p-n diodes were then explored. A 633 nm He-Ne laser was used
to illuminate the device. The spot size of the laser was controlled to be much smaller
than the junction area in order to exclude the photoresponse from the non-overlapped
region. The above figure shows the IV curves of the p-n diode under various incident
laser power, and the inset shows the details of the negative Vd bias region. The pho-
tocurrent Iph is defined as Iillumination - Idark where Iillumination and Idark are the Id with
and without laser illumination.
Under reverse bias, the photocurrent has a strong dependence on the incident
power as shown in the figure below. By increasing the back gate voltage, the pho-
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Fig. 3.11. The photocurrent as a function of incident laser power.
Increasing the back gate voltage can increase the photocurrent. The
inset shows the ratio of Iillumination/Idark.
tocurrent is substantially increased. This can be attributed to the reduction of the
MoS2 sheet resistance and the MoS2/metal contact resistance. On the other hand, by
applying a strong negative back gate voltage (-40 V) to modulate the band alignment
of MoS2 and black phosphorus, the ratio of the illumination current over the dark
current (Iillumination/Idark) can be increased to 310
3, though the illumination current
decreases due to the increasing of sheet and contact resistance. This is about 100
times larger than that of a MoS2 photodetector due to a better suppression of Idark
by the reversed bias p-n diode. Compared with the phototransistor, it is beneficial
for the device to detect signal from noise.
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Fig. 3.12. Photodetection responsivity (R) calculated as a function of
incident power. The responsivity decreases as the power increases.
With these results, the photodetection responsivity R, defined as Iph/Plaser where
Plaser is the incident power of the laser, can be calculated for both forward (as pho-
toconductor) and reverse bias (as photodiode) as shown below. The responsivity of
both the forward and the reverse bias regions decrease as the laser power increases,
which is due to the saturation of electron-hole pair generation at higher incident light
intensity and the increased surface recombination in either the junction region or
the underlying SiO2. Therefore, to further improve the responsivity, it is necessary
to improve the film quality of the CVD MoS2 and black phosphorus, as well as the
dielectric interface quality. In this device, the responsivity reaches 1.27 A/W and
11 mA/W for forward and reverse bias, respectively. The maximum responsivity in
our devices is up to 3.54 A/W (at Vd = +2V) and 418 mA/W (at Vd = -2V) under
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Fig. 3.13. The highest photodetection responsivity (R) can be ob-
tained from one particular device. We can find the maximum R at
1W is 3.54 A/W for forward bias and 418 mA/W for the reverse bias.
It is expected that it could reach a higher value if we use a lower
incident laser power for the measurements.
10-6 W laser power as we can see in the below figure. As a photodiode, this is nearly
100 times higher than that of the recently reported black phosphorus phototransistor,
and 4.8 times higher than that of the carbon nanotube-MoS2 p-n diode with a much
smaller Vd [32, 36].
By using this electrically tunable 2D p-n diode, it is possible to realize sensitive
and broadband photodetection due to the high mobility and relatively small direct
bandgap of few-layer black phosphorus.
In addition to the photodetection, this p-n diode is also usable for photovoltaic
energy conversion. Under laser illumination, the short circuit current (Isc), which is
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Fig. 3.14. (a) Id as a function of function of Vd under various laser
powers. The Isc and Voc can be obtained from the intercepts of the
curves on Id and Vd axes. (b) Power generated by the p-n diode as a
function of Vd under different laser power.
Fig. 3.15. (a) Isc as a function of laser power under different back gate
voltage. (b) Voc as a function of laser power under different back gate
voltage. Increasing the back gate voltage increases Isc, but reduces
Voc.
the current through the device with zero volts bias, is shown in figure below. The
open circuit voltage (Voc) can be obtained by examining the Vd-axis intercepts in
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the plot. As we can see in the figures, both the Isc and Voc increase as the laser
power increases. However, the back gate modulates the Isc and Voc in different ways.
Increasing the back gate voltage boosts the Isc while reducing the Voc. This can
be attributed to the opposite modulation effect of band alignment of MoS2/black
phosphorus at the junction interface, and the sheet and contact resistance of MoS2.
With this data, the power generated by the p-n diode can be calculated by Pd =
IdVd, as shown figure. Then, the fill factor, which is defined as FF=Pd/(IscVoc),
can be obtained. The maximum FF is 0.5 in this 2D p-n diode. Furthermore, the
external quantum efficiency (EQE) can be calculated by EQE = (Isc/Plaser) (hc/eλ),
where h is the Planck constant, e is the electron charge, c is the velocity of light, λ
is the wavelength of the incident light. The peak EQE in this device is 0.3 percent.
To the best of our knowledge, this is the first time that efficient photovoltaic energy
conversion has been demonstrated using black phosphorus.
By further reducing the thickness of the black phosphorus to bilayer, it is pos-
sible to essentially enhance the EQE to up to 18 percent, according to theoretical
predictions [40]. Moreover, by stacking the 2D p-n diode vertically, a stacked solar
cell structure can be realized. Since the direct bandgap of black phosphorus changes
with its thicknesses, the efficiency may be further improved by tuning its thickness
to better utilize the photon energies of different wavelengths of the solar spectrum.
To further understand the photoresponse process, photocurrent mapping was per-
formed in order to determine the spatial distribution of the photocurrent generation.
A device with a larger junction region was chosen to get more spatial information, as
shown in figure below. The thickness of the black phosphorus flake is 22 nm as deter-
mined from AFM as we can see in the figure. A 633 nm He-Ne laser was used with
8 µW power and 1 µm spot size. The current was measured under zero volts bias.
As seen in the figure below, the current is generated throughout the junction region,
which indicates the charge separation mainly in the heterojunction region. However,
the photoresponse across the junction is not uniform. This can be attributed to the
non-uniform contacts between the two flakes.
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Fig. 3.16. (a) Optical image of the p-n heterojunction used for pho-
tocurrent mapping. Scale bar, 5 micron. (b) Photocurrent mapping of
the p-n heterojunction under zero volt bias. The dashed lines outline
the heterojunction regions. The solid lines outline the metal contacts.
Contact A and B are electrically connected to black phosphorus and
MoS2, respectively.
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Fig. 3.17. AFM measurements determined the thickness of the black
phosphorus flake used for photocurrent mapping to be about 22 nm.
Moreover, the part of the junction region that near the metal contact on the
MoS2 exhibits stronger photocurrent. This is related to the lateral sheet resistance of
MoS2 and black phosphorus. Under illumination, the charges are separated near the
vertical interface p-n diode region. For simplicity, we treat the interface p-n diode at
a certain position as a voltage source under illumination. Here we assume the value of
this voltage source is uniform across the junction, if different positions are under laser
illumination. The photocurrent flows though MoS2 and black phosphorus to reach
the metal contact. Because the sheet resistance of CVD monolayer MoS2 is much
larger than the black phosphorus, the resistance of the MoS2 makes a much stronger
impact. The part of the junction region closer to the metal contact on MoS2 shows a
lower MoS2 sheet resistance, resulting in the stronger photocurrent near the contact
of MoS2.
To get a more uniform spatial photoresponse, a transparent contact material, such
as graphene, could be used as top electrodes. This can increase the contact area and
yield better carrier collection. Furthermore, graphene can also reduce the contact
resistance as an interlayer between the metals and the MoS2, further improving the
device efficiency. This scheme makes it possible for the black phosphorus/MoS2 het-
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erojunction to be used as large area transparent and flexible solar cells, as well as
photodetectors.
3.5 Device Model and Results Analysis
Fig. 3.18. (a) Schematics of the simplified device model. (b) - (d)
Schematics of the band diagram at the heterojunction. (e) and (f)
Band diagrams near a Schottky contact under various voltage biases
(e) and back gate voltages (f).
Fig. 3.19. Schematics of the band alignments when (a) negative and
(b) positive back gate voltage is applied.
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Fig. 3.20. Current flows in the device when different positions (A
and B) are under laser illumination during the photocurrent mapping
measurement.
In the 2D p-n diode demonstrated in this work, the vertical van der Waals het-
erojunction results in a different way of current transport when compared with the
traditional p-n diode. The current transport exists in both vertical and lateral direc-
tions. Here we try to describe its behavior using a simplified model.
In general, the total resistance of the device is consists of several parts: the contact
resistance of metal/MoS2 and metal/black phosphorus, the sheet resistance of MoS2
and black phosphorus, and the resistance of p-n diode at the p-n interface. As shown
in figure, the contact resistance is represented by Rcm and Rcb. The resistances of
black phosphorus and MoS2 outside of the overlapped region are represented by Rb
and Rm, respectively. In the overlapped region, Rbo and mo are the sheet resistances of
black phosphorus and MoS2, respectively. The resistance of the diode at the interface
is represented by Ri. Many diodes are in parallel to represent the p-n interface across
the junction region shown in the figure.
For the diode at the interface region, an ideal schematic and band diagrams at 0
bias, forward bias and reverse bias are shown in the figure b, c, d. When the diode is
in 0 bias, charges generated by incident light are separated at the overlapped region.
Under forward bias, the carriers overcome the barrier, so the current increases. Under
the reverse bias, the barrier increases which causes the current to decrease. Minority
carriers (the electrons/holes in the black phosphorus/MoS2) are extracted to the other
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side of the junction. As the concentration of minority carriers is quite low, the current
is much lower than in forward bias, which generates the current-rectifying IV curves
of the diode. As we can see in the figure, e shows the band diagram near a contact
under various applied voltage biases. In the Fig. 3.18, f shows the band diagram
near a contact at different back gate voltage. Fig. .3.18 e, f both represent Schottky
contacts between metal and MoS2. Similar diagrams can be drawn to represent holes
injecting into black phosphorus. Based on these basic models, we discuss the current
transport and the related phenomenon in the following parts.
(1) IV characteristics: The total resistance of the device consists of several parts:
p-n interface region, sheet resistance and contact resistance. Here we analyze the effect
of these three parts with various back gate voltage to explain the IV characteristics
of our p-n diode.
a) The strong current-rectifying characteristics under forward/reverse bias are
by the p-n diode interface region. This current-rectifying effect can be modulated
by the back gate voltage. As the back gate voltage reduces, the rectification ratio
increases. This can be explained by the modulation of the band alignment of MoS2
and black phosphorus at the junction region, as shown in Fig. 3.19. Such kind of band
alignment is confirmed by the BP experiment and MoS2 band alignment calculation,
further verifying by this experiment [34]. When a negative/positive back gate voltage
is applied, the Fermi levels in both MoS2 and black phosphorus are modulated, as
shown in Fig 3.19 a and b. This difference in band alignment results in a different
rectification ratio when different back gate voltage is applied.
b) The sheet resistance and the contact resistance impact the total current in the
device. When increasing the back gate voltage, both the forward and reverse current
increase. This is due to these reasons: i) Compared to the few-layer black phosphorus
(11 nm in the main text for IV measurements), the sheet resistance of monolayer
CVD MoS2 (Rmo and Rm) is larger. So, the total sheet resistance is dominated by the
resistance of MoS2. Larger back gate voltages reduce the resistance of MoS2, resulting
in a large current. ii) In addition to that, the contact resistance of MoS2/metal can
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also be reduced as shown in Fig 3.18 f. At the Schottky barrier near the contact,
as the back gate voltage increases, the tunneling current can be boosted, though the
thermal emission current may not be significantly changed.
(2) Under illumination: Under reverse Vd bias, the band diagram is shown in Fig.
3.18 d. The carriers are generated at the p-n interface region under illumination.
When increasing the back gate voltage, the sheet/contact resistance is reduced as
mentioned above. The band alignments of these two materials at the interface region
is also changed. Here, the effect of a positive back gate voltage on reducing the
sheet/contact resistance is relatively larger, so the total photocurrent is larger under
a positive back gate voltage as shown in Fig. 3.20. However, when we compare the
Iillumination/Idark under different back gate voltage, it reaches a maximum value with a
Vg of -40 V. If we simplify the p-n interface region as an additional voltage source in
this case, then the photocurrent can be expressed as : Iillumination=Vph/R where Vph
is the voltage source at the p-n interface region and R is the total resistance of the
device. The dark current: Idark=Vd/R. Thus their ratio can represent the ability of
generating electron/hole pairs at the junction region under illumination. The larger
Iillumination/Idark when the back gate voltage is smaller indicates the band alignment
is modulated by the back gate, as shown in the figure. This can also explain why
the back gate voltage exhibits opposite modulation effect on the short circuit current
(Isc) and open circuit voltage (Voc), as shown in the last section.
(3) Photocurrent mapping: the non-uniform photocurrent generation is due to
these reasons: a) non-uniform contact between the MoS2 and black phosphorus due to
non-uniform surfaces. b) As we can see in the last section, the regions with stronger
photocurrent generation are closer to the contact on the MoS2. This is related to
the lateral sheet resistance of MoS2 and black phosphorus. Under illumination, the
charges are separated at the interface region of the p-n diode. Then they must go
through the MoS2 or black phosphorus laterally to reach the metal contact. For
simplicity, we treat the diode in Fig. 3.20 at a certain position of the junction region
as a voltage source. Here we assume a uniform contact between MoS2 and black
57
phosphorus, which results in a uniform voltage value across the junction region. As
shown in this figure, when different positions (such as A and B in this figure) of the
overlapped region are under laser illumination, the photocurrent flows through the
MoS2 and black phosphorus as indicated in the figure. The photocurrent is mainly
decided by the lateral sheet resistance of the MoS2 and black phosphorus. Because the
sheet resistance of CVD monolayer MoS2 is much larger than the black phosphorus,
the resistance of the MoS2 is much more significant. Compared with the positions
far from the MoS2/metal contact (such as A in the figure), the positions near the
MoS2/metal contact (such as B in the figure) shows lower MoS2 sheet resistance,
resulting in a stronger photocurrent near the contact of MoS2.
3.6 Summary
In this part, for the first time, we demonstrate a gate tunable black phosphorus-
monolayer MoS2 van der Waals heterojunction p-n diode. These 2D p-n diodes exhibit
strong gate tunable current-rectifying IV characteristics, which is investigated using
a simplified device model. As a photodetector, the p-n diode shows a photodetec-
tion responsivity of 418 mA/W which is nearly 100 times higher than the reported
black phosphorus phototransistor. Due to the small bandgap and high mobility of
few-layer black phosphorus, it is very suitable for broadband and sensitive photodetec-
tion. Our p-n diodes also show photovoltaic power generation with a peak external
quantum efficiency of 0.3 percent, which can be further improved by reducing the
thickness of black phosphorus. Furthermore, photocurrent mapping is performed to
study the spatial distribution of photoresponse, which reveals the importance of large
area transparent electrodes for 2D p-n diodes to achieve large area optoelectronics
applications.
After finishing this work, we found more research group started to work on het-
erostructure devices based on 2D materials in the following years. The interesting
properties of these heterostructure attract people from different research field to study.
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At the same time, efforts have been made to synthesize these heterostructure through
CVD method. Vertical heterostructure have been successfully demonstrated on MoS2
and WS2 [41]. If the synthesis process can be integrated into certain device fabrica-
tion process, there heterostructure can be interesting for use in flexible electronics or
simply thin film transistor. However, technology development always needs a lot of
efforts beyond simple paper publications. The large area and high quality synthesis,
and its compatibility with other process might be the key.
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4. ROLE OF METAL CONTACTS IN BLACK
PHOSPHORUS ELECTRONIC AND OPTOELECTRONIC
DEVICES
4.1 Introduction
In most of the devices made on nano materials, the metal contacts have been
a big issue since the early stage research on nanotubes and nanowires. Unlike in
the standard CMOS technology, most of the contacts made on the device are using
metal directly on these semiconductor. As we know, due to the dimensions of these
nano materials, it is not easy to do ion implantation for them. For most of these
materials, it is also not easy to do re-growth on the materials for contacts as people
do in the Finfets. In most these nano devices, the contact resistances are often larger
than traditional silicon devices. This will limit the maximum current that the device
can achieve. As most the demonstrated devices are made on relatively large device,
this contact resistance will become larger we scale the contact as we scale the whole
device.
Another issue related to contact is that most of the current nano devices are based
on the back gate structure. This means that the metal to semiconductor region can be
modulated by the gate. Though in silicon device, the gate can also make a difference
on the contact region, and can somehow change the contact resistance, the change
in nano device is significant and is the device might in a different operation mode in
these device [42].
The research on early nanotube device have already helped people understand
the importance of the metal contacts in these devices [43]. Later on the devices on
graphene and these 2D materials actually share the similar properties of the nanotube
devices. However, for different materials, the impact of different metals are quite
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different due to the difference of these materials. Though not all of these materials
are actually can be used for volume production, the study still gives us an basic
understanding of the device operation.
Moreover, in this chapter, we will also see if black phosphorus can be used as a
photodetector. As black phosphorus has a layer-dependent direct bandgap, it should
be a good candidate for use in optoelectronic devices. Also, we will study the impact
of the metal contacts on these photodetection devices. However, the study here is
preliminary, as in the final chapter of this thesis, we will give a more detailed study
on the photodetection applications of black phosphorus.
In the following sections, first I will discuss about the device structure and the
fabrications process of these devices. Then I will discuss about the role of metal
contacts in black phosphorus field effect transistor. Then we will come to the similar
topic on photodetector devices. Finally, a summary and outlook will be given at the
end of the chapter.
4.2 Device Structures and Fabrications
The device fabrication process is typical process for back gate nano transistor.
Few-layer Black Phosphorus flakes were mechanically exfoliated from bulk material
onto a p+ doped silicon substrate capped with a 90 nm SiO2. Standard electron beam
lithography was used to define the contact patterns. Metal contacts were formed by
electron beam evaporation and lift-off process. Fig. 4.1 shows a schematic of a
fabricated BP FET. The SiO2 and p+ Si were used as a gate dielectric, and a back
gate, respectively.
To study the effects of various metals with different work functions on BP, two
different metals were used as contact metals to form two FETs on the same flake
(Fig. 4.2), negating the effect of flake-to-flake variability. Different metals with dif-
ferent work functions are used for contacts. Aluminum (Al, 4.1 eV), Titanium (Ti,
4.3 eV) and Palladium (Pd, 5.1 eV) were used as metal contacts. The thicknesses
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Fig. 4.1. Schematic of the black phosphorus field-effect transistor
using 90 nm SiO2 as gate dielectric and p+ doped silicon substrate as
the back gate.
of the flakes varied from 5 nm to 20 nm as determined by atomic force microscopy
(AFM). The Raman-activated modes in Raman spectra are consistent with the pre-
vious work, confirming the nature of BP flakes (Fig. 4.3). All the measurements
were performed immediately after the device fabrications at room temperature and
in ambient atmosphere.
4.3 Role of Contacts in Field Effect Transistors
First, We will discuss about the electrical properties of the fabricated field effect
transistor. As mentioned before, different metals were used as contacts for these
devices. In the previous research on carbon nanotube devices, people found that
the work functions of the metal contacts made a big difference on the device oper-
ations [44]. Also, it was found that it also played important role on TMD devices,
though depends on the material properties. Here we wanted to see how it will make
a difference on the black phosphorus devices
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Fig. 4.2. Optical image of a fabricated device with different metal
contacts on the same black phosphorus flake. Scale bar 5µm.
As shown in the output curves of a typical black phosphorus field effect transistor
using Pd as contacts (Fig. 4.4), a well-behaved current saturation is observed at a
channel length of 1 micron devices. I also plot the device with Ti contact in the
same figure. The device on the same flake using Ti as contacts shows a relatively
lower on-state current under the same bias conditions. As the device structure is the
same and the channel material is nearly the same, That means the channel resistance
should be quite similar. This indicates a larger contact resistance, actually a larger
Schottky barrier (SB) at the metal-semiconductor (MS) contact. This phenomenon
is observed on all fabricated devices summarized in Fig. 4.6. Moreover, the devices
with Pd as contacts always show larger current no matter how we change the order of
metal deposition. The work function of metal is the determinant fact, rather than the
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Fig. 4.3. Raman spectra of black phosphorus flake. The three Raman-
activated modes corresponds to three different vibrational modes
fabrication process or the degradation of the material. For the Pd contact devices, the
typical device demonstrated with 5 nm in thickness had a ON/OFF ratio of more than
105, and a mobility of more than 160 cm2/Vs, which is similar to previous published
work.
From the transfer curves of this device (Fig. 4.5), a larger ON/OFF ratio can
be observed on the devices with Ti as contacts. This underlines the nature of black
phosphorus transistors as SB transistors in this case [43]. As the contact resistance
becomes relatively large in Ti contact device, the modulation of the SB width via back
gating allows a larger ON/OFF ratio in Ti device [45]. The switching mechanism on
black phosphorus field effect transistor is controlled by two SBs as described explicitly
in MoS2 field effect transistor. This confirms that the SB height for hole transport
in Ti devices is larger than that of Pd devices, and, unlike on MoS2, metal contacts
on BP are not strongly pinned. A small ambipolar characteristic can be observed on
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Fig. 4.4. Output curves (Vgs: -40 V-40 V) of a transistors using Pd or
Ti as source/drain contacts on the same flake. The Pd device shows
larger output current.
Ti devices (Fig. 4.5) and much clearly in Al devices (Fig. 4.8), as the SB height for
electrons in Al is much smaller than that in Ti or in Pd.
Here we discuss more about the SB transistor in these nano devices. In these
nano devices, as the SBs at the contact regions can be modulated by the back gate
structure beneath the channel, it might show different operation mechanism from
silicon devices. Near the contact region, the carries need to go through the SB to
reach the metal contact, and vice versa. If an external gate voltage is applied, the
thickness of the SBs can be modulated, which change the tunneling current through it.
The external source drain bias can also change the shape of the SBs by pulling up or
down as we can see in Fig. 4.8. If the work function of the contact metal is very close
to the conduction or valence band edge of the channel material, the carrier will mostly
go through the barrier to the conduction or the valence band of the material. For a
n-type/p-type material, to achieve a maximum current it is better to choose a metal
that the work function of it is closer to the conduction/valence band. Though the
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Fig. 4.5. Transfer curves of transistors using Pd or Ti as source/drain
contacts. The Ti device shows lower current while maintaining larger
ON/OFF ratio.
device characteristics of these device might look similar to traditional silicon devices,
its SBs still play important roles in these devices. In most of the cases, the contact
resistance is relatively large, and can be modulated by the gate, as well as source
drain bias if in scaled devices. Also, the contact resistance limits the scaling of the
device, as we can see in the carbon nanotube devices [46]. Although the silicon device
also has the scaling issues from the contact, the contact resistance is much smaller
than in these nano device. While the work function of the contact of these nano
device get closer to the middle of the bandgap of the channel material, the device will
show quite different behavior from traditional devices. As we can see in Fig. 4.8, if
the contact is close to the middle of the bandgap, then under a positive/negative gate
bias, the carrier near the contact might go into the conduction/valence band. If the
device is p-type, when the gate voltage goes to the positive side, the device will be
turned on again, rather than remain off-state in silicon device (without considering
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Fig. 4.6. The ratio of maximum output current of devices with Pd
contacts over Ti contacts. The Pd devices show obviously larger cur-
rent.
the gate induced drain leakage). This is called ambipolar characteristics in its transfer
characteristics, which is not wanted in most of the situations.
The results from black phosphorus devices suggest the band diagram of devices
with different metals on BP to be like in Fig. 4.8 (a), in which the SB height for
holes at the contact increases as the work function of the metal decreases, and the
SB height for electrons decreases as the work function of metal decreases. The strong
ambipolar characteristics on Al devices can be illustrated by Fig. 9 (b) and (c). Under
negative/positive gate bias, the band bending boosts the hole/electron injection at
the MS contact at drain/source as the Al aligns close to the middle of bandgap,
resulting in the ambipolar characteristics. Thus, in future device fabrication, to make
a better p-type transistor on black phosphorus, it is better to have a metal with work
function closer to the valance band of black phosphorus. However, more experiments
are needed to further reduce its contact resistance.
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Fig. 4.7. Typical transfer characteristics of Pd contact device with 5
nm channel thickness.
Fig. 4.8. (Transfer curves of transistor with Pd or Al as source/drain
contacts. The device with Al shows obvious ambipolar characteristics.
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Fig. 4.9. (a) Band diagram of a transistor with different metal con-
tacts under zero bias. Band diagram of a device with Al contacts with
(b) negative and (c) positive back gate voltage.
Fig. 4.10. Output curves of the device with Ti/Pd as source/drain
contact. The inset shows the curves in semi-log scale.
Based on these understandings, a Schottky diode with asymmetric contact can be
demonstrated on the same flake with Ti/Pd as contacts (Fig. 4.10 and Fig. 4.11 are
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Fig. 4.11. Transfer curves of the device with Ti/Pd as source/drain
contact with positive and negative Vds.
Fig. 4.12. Band diagram of the device with Ti/Pd as source/drain
contact (a) equilibrium state, (b) Vds¿0 and (c) Vds ¡0
the output and transfer characteristics). A rectification ratio, which is defined as the
ratio of maximum current between forward and reverse bias, of about 100 is obtained.
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This is expected to be larger if using metals with larger work function differences in
the future. The conduction mechanism can be understood by the band diagram in
Fig. 4.12. As Pd can make a better p-contact on BP, the Ti SB is mainly used as a
Schottky diode so that a SB diode can be achieved in this case.
4.4 Role of Contacts in Photoconductors
Fig. 4.13. Schematic of the setup of the photocurrent measurement
under laser illumination. The current in the device is converted to
voltage signal, and digitized by an oscilloscope.
Fig. 4.14. Band diagram of the device (a) at equilibrium state and
(b) under illumination and a small voltage bias (Vds) with Vgs=0.
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Fig. 4.15. Id as a function of time when the laser is turned on/off with
a period of 2 s.
Fig. 4.16. Id as a function of time when the laser is turned on/off with
a period of 20 s
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Fig. 4.17. Id as a function of time when the laser is turned on/off with
a period of 10 s under different incident laser power.
Fig. 4.18. Id as a function of time when the laser is turned on/off with
a period of 4 s under different back gate voltage.
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Fig. 4.19. The photoresponsivity (R) and the Iillumination/Idark as func-
tions of back gate voltage. They show different trends when Vgs in-
creases.
Based on its relatively small and thickness-dependent direct bandgap, BP pho-
todetector is suitable for broadband photodetection. In the last chapter, we have
discussed about the photodiode (both photodiode mode and photoconductor mode
have been used for detection) based on black phosphorus and molybdenum disulfide.
Here we want to study another type of photodetector, which is photoconductor.
For infrared photodetection, Lead Sulfide (PbS) and Lead Selenide (PbSe) are
widely used in detection of infrared radiation from 1000 to 4800 nm. Compared with
photodiode, it often has a higher cut-off frequency and larger photoresponse, but has
a larger dark current. This makes it good for use for higher light power detection.
Few-Layer black phosphorus has a about 0.33 eV bandgap, which is also good for
infrared photodetection. Based on this characteristics, we hope we can explore the
possibility of making photoconductor devices based on black phosphorus.
Here we fabricated the photodetectors using the same fabrication process as de-
scribed in last section. The photocurrent measurement method is shown in Fig. 4.13.
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Fig. 4.20. Band diagram of the phototransistor under illumination
with (a) Vgs=0, (b)Vgs¡0 and Vgs¿0.
Fig. 4.21. Id as a function of time when the laser is turned on/off with
a period of 4 s under different Vds
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A 633 nm He-Ne laser was focused on the active device region. The current was
read out and amplified through a current amplifier that, and then connected to the
oscilloscope to detect the signal. Based on the study above, the band diagram of
the devices with various metal contacts with and without illumination is shown in
Fig. 4.14. As we have already discussed before, there are SBs near the metal and
semiconductor contact regions. SBs may limit the current the are generated in the
channel region, which may limit the photoresponse. In photoconductor operating at
a certain external voltage, the generated carries will lower the resistance of the pho-
toconductor, which will increase the current and then can be converted to a voltage
signal. As the carries generated at the center of the active region will be limited by
the barrier (i.e. a large contact resistance), so it is essential to reduce this barrier to
increase the photoresponse.
Photoresponsivity (R) is defined as R=Iph/Plaser where Iph is the photocurrent
and Plaser is the laser power. With a larger SB height, the photo-generated holes are
more easily trapped in the device. This constrains the R of the photodetector, as the
photo-generated holes cannot be fully collected. To increase the relatively small R in
the first reported BP photodetector as we mentioned before, here we use Pd as metal
contacts in order to reduce the SB height and improve the collection of photo-induced
carriers [36].
The device was under a periodic laser illumination and was biased at a small
external voltage (50 mV). Note that the photoresponse defined here is dependent on
the external voltage, as a larger external voltage often has a larger photocurrent, but
at the same time a larger dark current. The photoresponse is highly repeatable with
long and short illumination period (Fig. 4.15, 4.16), demonstrating the capability
of black phosphorus device for photodetection. As the demonstration here are quite
preliminary, the frequency is obvious quite low compared with the common value.
The detected photocurrent increases as the incident laser power increases, which is
desired for the photoconductor (Fig. 4.17). Moreover, the back gate (Vgs) can be used
to modulate the band diagram, which results in different R with different Vgs because
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the SB changes with Vgs and electrostatic doping of the channel also changes (Fig.
4.18). This adds more feasibility for the device to be used under different conditions.
As the back gate voltage increases, R decreases due to the changes of the SBs (Fig.
4.19). However, the ratio of Iillumination/Idark, where Iillumination and Idark is Id when the
device is with and without illumination, increases as Vgs increases, suggests a better
signal to noise ratio, which is desired for small input signal. These phenomena can
be understood by the band diagram in Fig. 4.20. Under negative Vgs, the width
of the SB near the contact becomes narrower, which makes it easier for carries to
go through the barrier and effectively reduce the contact resistance. Under positive
Vgs, the width of SB becomes wider which limits the photo-generated carries to reach
metal contact and results in a lower R. Moreover, the increase of electron density by
increasing Vgs can also lead to a lower R due to a larger recombination rate in the
channel. When Vgs is positive, the transistor is turned off so the dark current will be
very small, resulting in a larger Iillumination/Idark ratio. The maximum R in our devices
is 223 mA/V at Vgs=-30 V and 76 mA/W at Vgs=0 (Fig. 4.19), which is 16 times
larger than the value reported in [36] at the same Vgs=0 and with an even smaller Vgs
in our case. R can be further improved a lot by increasing the Vgs (Fig. 4.21), while
the signal to noise ratio will reduce and the dark current will increase. At the time
of the paper published, the device demonstrated here is of the best photodetection
device in terms of sensitivity that demonstrated on black phosphorus devices.
4.5 Summary
In summary, in this chapter, we studied the contact issues on both black phos-
phorus field effect transistor and photoconductor. In field effect transistor, the metal
contact plays an more important role in these nano device than traditional silicon
device. It was found that metals with larger work function as contacts can signif-
icantly reduce the SB height for hole injection on a black phosphorus transistor to
achieve a higher hole drain current. Ambipolar characteristics were observed on the
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devices using lower work function metals such as Al as contacts. High-performance
photoconductors have been demonstrated using optimized metal contacts that can
reduce the barrier height for photo-generated carrier collection. The black phospho-
rus photoconductor showed a record high photoresponsivity (223 mA/W) on this new
2D material.
For future applications of black phosphorus device, it is expected that the metal
contact can be further optimized to reduce the contact resistance, which is studied
in many groups. At the same time, I need to pointed out the the degradation of the
material itself is a big issue, as will be discussed in the next chapter. While the basic
operation of the photodetection device have been demonstrate, it is obvious that more
efforts can be put into to enhance the detection based on some new device structure,
which will be discussed in the final chapter.
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5. STABILITY AND PROTECTION OF BLACK
PHOSPHORUS DEVICES
5.1 Introduction
The device characteristics and its reliability in air has been an issue since the
early study of nano materials. For example, carbon nanotube device have very large
electrical hysteresis if put in the air for a while [47]. However, if we put it into vacuum
then this hysteresis effect will be smaller. The water contamination is also a big issue
for other nano devices as people found later. For graphene devices, the unwanted
doping during the fabrication process is a big issue for it.
For black phosphorus device, the stability and reliability of it is a more important
issue. As we mentioned before, black phosphorus is quite stable in air in its bulk
form, unlike white or red phosphorus. However, when it is in single layer, even
few-layer form, it becomes not so stable in the air. The stability decreases as the
thickness decreases. This has become one of the major issues for applications of black
phosphorus devices. Even for early stage research of its properties, the instability
also makes it hard to get into its intrinsic properties. To get a deep understanding of
its intrinsic properties and the devices, a detailed study is needed.
In this chapter, I will discuss about the stability and the protection method of
black phosphorus devices. In the first section, the phenomenon that are related to
the degradation of 2D black phosphorus. Then we will discuss about the degradation
mechanism. Based on this, the protection method will be studied to see if certain
method can protect the device from degradation. The summary and outlook will be
given at the end.
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5.2 Device Degradation Phenomenon
Fig. 5.1. Optical image of a black phosphorus flake on silicon ox-
ide/silicon substrate, it exposed to air just for a short time
The degradation in the black phosphorus has been noticed since the early work
on the device applications based on it [34]. It was found that the thickness of the
material will reduce after the fabrication process. Also, its electrical characteristics
also changes in air.
The easiest way to see the changes is to observe its surface changes. Actually, long
before these 2D research on this material, people have already found that the surface
of the thin film of this material changed in the air when they study its surface. We
observed similar phenomenon that the surface of few layer black phosphorus changes
as time in the air. The surface roughness increase obviously. Some small bubbles
first appeared, and then become larger and larger. For very think flake, like single
or bi-layer, they may be not visible after a few hours in the air. For relatively thick
few-layer black phosphorus, like 5 nm or 10 nm, the bubbles on the surface will
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Fig. 5.2. Optical image of a black phosphorus flake on silicon ox-
ide/silicon substrate, exposed to air for 13 days. There are obvious
bubbles on the surface with colorful circles, which indicates different
thickness. The thinner part look thinner compared with the previous
one.
become bigger. This is relatively easy to observe even using optical microscope. As
shown in the figure Fig. 5.1 and 5.2, these are figures taken a short time after the
black phosphorus flake was exfoliated on the silicon oxide/silicon substrate, and after
13 days. The wafer was stored in a relatively dry environment, so the degradation
was actually not too fast. In the following sections, we will see that water plays an
important role in the degradation process of the flake. These phenomenon have been
also observed from other research groups [48,49].
The degradation also makes a big difference on device performance when the black
phosphorus device is put in the air. Some back gate structure devices were fabricated
based on ALD aluminum oxide/silicon structure. All the fabrication process were
kept in inert environment, except necessary transfer process from one equipment to
another. This should not be more than one hour. After the fabrication process, the
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Fig. 5.3. Output characteristics of the black phosphorus field effect
transistor in the air for certain times. The maximum current changed
as time.
devices were measured immediately, and then the device was put in a wafer case in
the lab. Inside the wafer case is air, but the case is sealed so the air outside might no
be able get inside.
The measured transfer characteristics of the devices are shown in Fig. 5.3. As
we can see the maximum current increase by six time as time went to more than 100
hours. This is a huge increase in terms of device performance. As we have already
seen a lot of different device characteristics reported based on different conditions
are quite different. The degradation of the material might be one of the reason, as
different fabrication and measurement condition may lead to big difference in device
performance. This also reminds us that the simply benchmark of device performance
of these nano devices are not safe, as they all suffer from a lot of these kinds of issues.
When we take a loot at its transfer characteristics in Fig. 5.4 and 5.5, we can see an
obvious positive shift of the threshold voltage under different measurement conditions.
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Fig. 5.4. Transfer characteristics of the the black phosphorus field
effect transistor in the air for certain times under 50 mV. Obvious
positive threshold voltage shift can be observed.
At a larger source drain voltage we can see a more obvious ambipolar characteristics,
and this also reduced as time went by. The positive shift of the threshold voltage also
explains why the maximum current increase in the output characteristics.
We take a further look at the transfer characteristics in Fig. 5.6 and 5.7. In the
previous figure, we swept the voltage from negative to positive, which are the curves
consists of dots. However, when we swept the voltage form positive to negative,
we can see the solid curves in the figure. The very large hysteresis is related to
the defects in the material, which formed during the degradation process. As the
measurements were done in the air, it also may be related to contamination of water
on the device. This large hysteresis is really not desired in real device applications.
For the positive to negative sweep, we can see that its time dependent is not as strong
as the other way. However, this process is more like a overshoot process of charging
process of these traps, as the transient process takes a while, the different might not
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Fig. 5.5. Transfer characteristics of the the black phosphorus field
effect transistor in the air for certain times under 1 V. Obvious positive
threshold voltage shift can be observed.
that obvious. However, a more detailed study are needed based on the understanding
of the degradation mechanism.
5.3 Device Degradation Mechanism
Different method have been used to study the degradation mechanism in black
phosphorus thin film. It was found that the oxygen and water were involved in the
experiment. In our group, we also did some preliminary research on understanding
the degradation mechanism. X-ray photoelectron spectroscopy was used to study the
degradation of black phosphorus.
The sample was prepared in an inert environment and transfer into the chamber
in high vacuum. Water, oxygen and water and oxygen mixture were used to study the
degradation effect. With only oxide, phosphorus oxide was observed at the surface.
While with water involved, there was phosphorus acid observed. It was also found
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Fig. 5.6. Transfer characteristics of the the black phosphorus field
effect transistor in the air for certain times under 1 V with both
forward and reverse voltage sweep. The solid lines are from positive
to negative gate voltage sweep. The dots are from negative to positive
sweep.
Fig. 5.7. Transfer characteristics of the the black phosphorus field
effect transistor in the air for certain times under 50 mV with both
forward and reverse voltage sweep. The solid lines are from positive
to negative gate voltage sweep.
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that the mixture of oxygen and water can increase the oxidation rate about 10 times.
That is probably because that the formation of acid may free the surface for oxygen
to dissolve and react with black phosphorus.
Other groups also found similar results that relate the degradation to oxygen and
water, to protect the device from degradation, it is obvious that we need to isolate
the device from oxygen and water.
5.4 Study of Device Protection Method
Fig. 5.8. Optical image of the fabricated back gate device with and
without a boron nitride capping.
To protect the device from degradation, different method had been tried at the
time we did this study. An easy way to do is to deposit an oxide on top of the thin film
to protect it. For example, our group tried to use ALD aluminum oxide to protect
the sample. It was found that this oxide layer indeed delay the degradation of the
device. However, after about 100 hours, the device still shows obvious degradation
compared with the fresh sample. The ALD growth on the 2D surface is not of very
high quality, so it is likely that the oxygen and water can still go through the oxide
to reach the black phosphorus to oxide the surface.
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Fig. 5.9. After two days exposed in air, the Raman signal cannot be
detected on the sample without capping.
Then the idea of using the heterostructure to protect the black phosphorus comes
to my mind. If the protection layer is stable, then it can prevent oxygen and water
going through. As 2D heterostructure is stacked through van der Waals interactions,
the interface between them should be of high quality if prepared carefully.
At the time we did this research, there was a simple stage on the Raman station
of our collaboration lab, which can be modified for flake transfer purpose. The basic
fabrication process is that first we put the black phosphorus flake on the silicon
oxide/silicon substrate. Then, we spin coating PTA, bake it, and PMMA, then bake
it, on a glass slide, respectively. Then we exfoliate the 2D materials that we will use
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Fig. 5.10. After two days exposed in air, the Raman signal can still
be detected on the sample with capping.
for protection purpose on this substrate (basically on baked PMMA). Then the film
on this glass slide is peeled off and put on a small stage that can suspend the center
of this film. A specific region is chosen using the optical microscope to find the right
region, in which there are flakes that you want to transfer. Then, a gasket is used
to put on this specific region, and then the film is carefully cut around the gasket
so that the film can stick to the gasket. Then the gasket will be stick to a plastic
slide on which a hole has been cut by the laser. This hole is just little bit smaller
then the gasket so that the gasket can stick to this plastic slide using double sides
scotch tape. A hole is needed as it makes it easier to see the flake on the film. Then
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Fig. 5.11. The flat surface of black phosphorus became a big bubble
after two days expose to air.
Fig. 5.12. The flat surface of boron nitride did not change too much
after two days in air.
the slide is put on a homemade stage. On the upper side of the stage there is a arm
that the plastic slide can stick to, at the bottom is a movable stage. The substrate
is put on the movable stage. Then through the microscope of the Raman stage, we
try to align the flakes on this plastic slide with the flake on the substrate. Then we
move down the arm, and then carefully make the film get contact with the substrate,
making sure the flakes are stacked together as the color contrast is changed. Then a
needle is used to push the gasket a little bit so that it can come off the plastic slide
and stick to the substrate. As PMMA ca dissolve in acetone while PTA not. Then
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Fig. 5.13. Transfer characteristics of the fresh black phosphorus field
effect transistor without capping. After two days, the device is dis-
connected, which means the resistance is infinite large.
the substrate is put into the acetone for a few hours. After that the PTA film can
be easily pick up in the acetone, and then the substrate can be taken out for further
cleaning. Finally, we can check if the transfer is successful using microscope.
As the stage we had at that moment was not intended for accurate transfer pur-
pose, so the yield is relatively low as the error is relatively large when doing the
transfer. However, after some effort, several device were still fabricated for measure-
ments. As we can see in Fig. 5.8, the optical image shows a black phosphorus flake.
The left hand side is the region that cover with hexagonal boron nitride, which the
right hand side is the black phosphorus flake. The reason that we use boron nitride
is that it is very stable insulating material, which can be used as a dielectric. We also
fabricated double gate devices later using this material as top and bottom dielectric.
Here it is only used for protection purpose. Contacts were made on them to measure
the electrical characteristics of them.
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Fig. 5.14. Transfer characteristics of the fresh black phosphorus field
effect transistor with capping. The arrows shows the sweep directions
of the gate voltage. A small hysteresis is observed.
Through Raman spectrum in Fig. 5.9 and 5.10, we can see that with the capping
with boron nitride, we can still see obvious vibration peaks after two days the sample
exposed to air. However, in the non-protected region, there is no signal anymore.
This indicated that most of the black phosphorus has gone without the protection.
With AFM, we can see the surface of these devices, as shown in Fig. 5.11 and
5.12. We can see that without the capping, the flat surface became a big bubble
even higher than the metal contacts. That is close to 100 nm. The device with the
capping did not show obvious difference. Though, a little bit increase of thickness
can be observed.
In terms of the electrical properties, we can see that the transfer curves for the
fresh samples were similar. However, after two days in the air, the one without
capping was disconnected, while the one with capping showed a larger hysteresis but
was still working.
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Fig. 5.15. Transfer characteristics of the black phosphorus field ef-
fect transistor with capping after 2 days in air. The arrows shows
the sweep directions of the gate voltage. A very large hysteresis is
observed and the maximum current is a little bit smaller.
Although the boron nitide capping can delay the degradation of the black phos-
phorus device, these was still some degradation observed. Based on the degradation
mechanism, as well as results published later by other groups, it was likely that the
water and oxygen contamination during the transfer process might continuously dam-
age the sample even a protection layer was put on the top. There is also some other
possibilities like a non-ideal 2D to 2D contact was made, as an annealing process
might help.
However, at the time we did the work, we did not have the budget to purchase
a glove box to do this process, so these issues cannot be avoided at that time. A
double gate device based on boron nitride has also been made, but the results were
quite similar. The device was still degrading as time went by. Based on the later
publications by other group, it was believed that the fabrications of black phosphorus
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device should be kept mostly in inert environment, and make good protection before
taking out to the air. Several work has discussed about it in details [50–53].
5.5 Summary
In this chapter, we discussed about the stability of black phosphorus and the
protection method. The surface geometry changes a lot when the sample is put in the
air. It was found that the oxygen and water in air can damage the black phosphorus
device. The products are phosphorus oxide or phosphorus acid. The mixture of
water and oxygen can enhance the degradation process. Effective capping on top
is necessary. 2D heterosturcture was used to protect the sample. Tough obvious
improvements have been achieved, the sample still suffered from degradation. It was
found that to make stable black phosphorus device, it is necessary to make most of
the fabrication process in inert environment and make effective capping on top. This
is challenging for real application of these devices. However, as some organic device
also suffers from this issue, some ideas from this field can be used to address the
volume production issues.
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6. PLASMONIC ENHANCEMENT OF BLACK
PHOSPHORUS PHOTODETECTION DEVICES
6.1 Introduction
In the previous chapter, we have already discussed various topic related to the 2D
device, including the photodetection devices. We have studied two basic photodetec-
tion devices, photodiodes and photoconductor. We used the basic device structure
and tried to explore the basic photodetection properties of these 2D materials. In this
chapter, we will take a further step to study the way to enhance the photodetection
by design and fabrication of novel device structure.
Plasmonic structure has been used for photodetection on 2D photodetection before
on other 2D materials, for example, on graphene devices. As these 2D materials are
often very thin, so the absorption rate of the incident light is often very low. That
is why researcher were trying to make some structure to help the material to have a
higher absorption rate.
In graphene device, people fabricated the device with nano dots to enhance the
photodetection [54,55]. Through both simulations and experiment, it was found that
these nano dots can enhance the absorption of light in their devices, and increase the
photoresponse when measuring the photo current in the device. The Raman spectrum
can also be enhanced in their experiment based on optimized structure.
In this chapter, we will study the plasmonic structure on black phosphorus pho-
todetection devices. First we tried to understand the impact of different structure
through simulations. Based on the simulation results, we tried to fabricate the device
based on the design. Then, we will discussed about the experiment results on our
devices. Finally, we will give summary and outlook for this chapter.
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6.2 Simulation Study of Plasmonic Structure
Fig. 6.1. Schematic of the structure used for the simulations. Note
that as the structure is symmetric, only half of the real structure was
used for simulation.
Fig. 6.2. An overall results of the simulation conditions and results.
In this section, we will discuss about the simulation of the plasmonic structure on
enhancement of the absorption of the light in 2D black phosphorus. This project is
in collaboration with Prof. Xianfan Xu’s student. One of his student worked with
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Fig. 6.3. Field distribution of the cases in which light was from glass
side, and bow tie is along armchair direction.
Fig. 6.4. Field distribution of the cases in which light was from glass
side, and bow tie is along zigzag direction.
me and we discuss about the ideas together and then he did simulation, then we
fabricated the device, and did measurements.
First, we tried to study the impact of nano dots structure on black phosphorus
devices. It was found that making nanoscale disks on the black phosphorus thin film
can enhance the field near the edge of the disk, which can enhance the absorption
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Fig. 6.5. Field distribution of the cases in which light was from glass
side, and bow tie is along zigzag direction.
Fig. 6.6. Field distribution of the cases in which light was from air
side, and bow tie is along zigzag direction.
of the light. However, as the disks will cover some area so the material beneath
these disks might not be able to absorb light. This will probably reduce the total
absorption rate of the overall device. This made us doubt about if we can really got
some enhancement on the whole device. Some preliminary device demonstration have
been tried, and the Raman spectrum did not show large enhancement, as described
in the literature. Then we tried to move towards other possible method.
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Fig. 6.7. Without bow tie structure, light from glass with polarization
along armchair direction, the absorption rate for different wavelengths
are different.
Bow tie structure is one of the typical structure for field enhancement, as near
the tip of the bow tie structure the filed can be enhanced. The frequency-domain
finite-element method solver from ANSYS HFSS was used for the simulation. Based
on a series of simulations and discussion, we found that if we put bow tie structure
on top of the black phosphorus, and then shine the laser from the top, it was found
that the absorption is not significantly improved. However, if the laser is shined from
the bottom, then it seems better. This may have something to do with the reflections
of the light.
To study the details of the design structure, we use the structure shown in Fig.
6.1 for the simulation. With a glass substrate, the laser can either goes from the
top or from the bottom to shine on the black phosphorus. As we mentioned before,
black phosphorus has in-plane anisotropy characteristics due to its crystal structure.
Its optical properties are also anisotropy in its 2D plane. We will study the impact
of the alignment of bow tie structure and the armchair or zigzag direction of black
phosphorus on the absorption of light. So the bow tie structure would be either along
the armchair direction of zigzag direction. This can make the device sensitive to
incident light polarization, which can be used for polarization sensitive photodetector.
For the black phosphorus thin film properties, the value from previous published
work also from Prof. Xu’s group was used [56]. The black phosphorus thin film was
assume to be 30 nm, and the measured value from 10 nm was used for simulation.
The laser wavelength is 633 nm, we assumed the thin film is larger than the bow tie
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structure, so in this simulation region, the black phosphorus filled the whole region.
The incident laser radius is 500 nm, which is in similar size as will be used in the
experiment.
Different configurations have been used to study the absorption rate of the light.
Fig. 6.2 summarize all the cases we simulated. First, the black phosphorus thin film
without any bow tie structure was simulated under different conditions. As we can
see, the absorption rates are quite similar for both of them. The absorption rate is
obviously larger in armchair directions than in zigzag direction. This is due to the
intrinsic properties of black phosphorus [57]. Compared the light from glass and light
from air cases, we can see that the light coming from glass cases showed obviously
higher absorption than from air. When light is coming from air side, the enhancement
from the bow tie structure is very limited, which is due to the limited enhancement
near the gap region. For other parts that are not close to gap, the metal cover on
the black phosphorus might not be able to absorb light as the gap region is smaller
than the laser spot size. However, in the light from glass cases, the black phosphorus
film can absorb light, while the metal structure is at the bottom. Both the field
enhancement and the reflection from the metal can increase the absorption in black
phosphorus, so its enhancement is much higher. Another interesting point is that, in
light from glass cases, no matter how we put the bow tie structure, the absorption is
always higher when the incident light is in armchair polarization direction. Though
when bow tie is in zigzag direction, the absorption when light is in zigzag polarization
is higher compared with bow tie along armchair direction. This indicates that the
reflection might play an important role as the field enhancement from bow tie is not
that strong here. However, when we look at the cases that the light is from air side,
we can see that the the only when the polarization is along the bow tie direction,
the absorption is enhanced, while the polarization in the perpendicular direction the
absorption is very low. This indicates that the field enhancement is significant in these
cases as the bow tie structure determine the absorption. Fig. 6.3 to Fig. 6.6 shows the
simulation results under different conditions. Also, we found that the light absorption
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for different wavelengths are different, which may lead to different absorption rate,
which should be taken into consideration when doing the experiment.
6.3 Device Structure and Fabrication Process
Fig. 6.8. Fabrication device structure. A conductive ITO layer and
insulating oxide layer is needed for e-beam lithography process.
The device structure that we are going to fabricate is shown in Fig. 6.8. Compared
with the simulation structure, a thin ITO layer and oxide layer on glass are needed,
as the e-beam lithography system need something conductive for its system measure-
ment. The ITO glass was purchased and an oxide layer was deposit using e-beam
evaporator. Then the black phosphorus film was exfoliated on the substrate, and
then the armchair/zigzag directions were determined using polarized Raman spec-
trum [56]. Then the the pattern was defined by e-beam lithography, and then gold
was deposited on it followed by lift-off process to get the bow tie structure and the
contacts for measurement. The gold wires were bonded by hand to connect the device
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out to a PCB board, so that we can place it on a AFM stage and connect the wires
to the measurement system. The AFM stage can be controlled by the computer so
that it can move in a certain range, an external voltage was applied on the device
and the current was measured and converted to a input signal into computer, so that
we can do current mapping for the device at each position.
6.4 Experiment Results of the Plasmonic Enhanced Devices
Fig. 6.9. Photocurrent mapping results on a device with 30 µW 534
nm laser, polarization along armchair direction, at 50 mV bias, scale
bar is 1 µm. The bow tie is along armchair direction in the figure.
As we can see in Fig. 6.9, photocurrent mapping was used to for the measure-
ments. The stage can be moved in a certain range so that the laser can scan a square
region line by line with a certain accuracy, and the measurement photocurrent was
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Fig. 6.10. Photocurrent as a function of incident laser polarization.
0 dgree in the figure is along armchair direction. Photocurrent when
laser polarization along armchair is 2 times of that along zigzag di-
rection
plotted at the same time at each position. In this device, it is obvious that the pho-
tocurrent maximum is near the gap region, which is expected based on the simulation.
While we change the polarization of the light, we can see a obviously change of the
maximum photocurrent as shown in Fig. 6.10. When the polarization was along the
armchair direction, the maximum photocurrent was about times of that along the
zigzag direction, which confirmed the simulation results. When we increased the bias
voltage, we can see that under both polarization cases that the photocurrent was
increases as the bias voltage, which is desired for photodetection devices. We also
tired to use different laser wavelength for the study. The green laser showed stronger
photoresponse compared with red laser, which is different from simulation results.
However, as the device might degrade during the measurement, it might be related
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Fig. 6.11. Photocurrent increase when increase external voltage.
to the degradation of the device. Further study is needed to understand this point.
We can do further calculation including responsivity and the external quantum effi-
ciency to understand the performance of our device. The maximum responsivity is
44 mA/W, while the maximum external quantum efficiency is 10 percent. This value
is reasonable in terms of the performance of the device under a very low external
voltage. However, as the measurement and sample preparation process took quite a
long time in air as determination of crystal orientation and wire bonding were done in
the air, the performance of the device might not be able to reach a very good value.
Certain improvement on device preparation, including fabrication and preparation
are needed to really get into the intrinsic limit of this material.
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Fig. 6.12. Same incident laser power, larger photocurrent current for
green laser. Incident laser is along armchair direction. Maximum R
44 mA/W at 3 µW, 50 mV bias.
6.5 Summary
In this chapter, we tried to explore the possibility of using different plasmonic
structure to enhance the photodetection in black phosphorus. As the 2D black phos-
phorus is relatively thin, which leads to a low absorption of light, some optimized
device structure were expected to enhance the device performance. First we did nu-
merical simulation based on commercial software to study the absorption rate of the
thin film using different structures. Based on the simulation results, we fabricated
the similar device structure, and measured the photodetection characteristics. The
experiment results confirmed the simulation results, which is helpful for understand-
ing the optimization of design for photodetection devices. However, further work
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Fig. 6.13. Responsivity and external quantum efficiency calculated
for different polarization directions under different external bias.
Fig. 6.14. Responsivity and external quantum efficiency calculated
for different laser wavelengths and power.
is ongoing in collaboration with Prof. Xianfan Xu’s group. Hope more interesting
results can be obtained in the near future.
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7. SUMMARY
My graduate research covered a lot of different topics, from material synthesis to de-
vice fabrications, measurements, and simulations. Both electronic and optoelectronic
devices have been studied. This dissertation basically covered most of my research
results during these years.
Through the research experience from the very bottom of material synthesis to
device applications, I got the very good understanding of each step of semiconductor
process and fabrication. On one hand, this gave me the change to use the knowledge
I learned from courses, on the other hand, the cutting edge research also gave me
in-depth understanding of specific topics. The hands on experience on system setup,
experiment and simulation gave me the necessary skill sets for future career develop-
ment. The research experience also trained my critical thinking skills, which is very
helpful for learning something new and solving problems.
For our group, most of the my research topics were brand new in our group. I
first setup the synthesis system and the lab, which broaden our feasibility in material
synthesis, which indeed made other new material synthesis possible later. I was the
first to put efforts on optical devices based on 2D materials, also the first to explore
the heterostructure of 2D materials. These were among the most interesting topics
at the time when we did the research. Hope this thesis can be helpful for future
development of the group.
In terms of the results of my research, these results might be useful for the future
research on 2D materials. However, as technology development is a huge task to
finish, the way to implement these 2D materials in the industry is long and might not




[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos,
I. V. Grigorieva, and A. A. Firsov, “Electric field effect in atomically thin carbon
films,” science, vol. 306, no. 5696, pp. 666–669, 2004.
[2] Y. Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, “Experimental observation
of the quantum hall effect and berry’s phase in graphene,” Nature, vol. 438,
no. 7065, pp. 201–204, 2005.
[3] K. Novoselov, D. Jiang, F. Schedin, T. Booth, V. Khotkevich, S. Morozov,
and A. Geim, “Two-dimensional atomic crystals,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 102, no. 30, pp. 10451–
10453, 2005.
[4] X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni, I. Jung,
E. Tutuc, et al., “Large-area synthesis of high-quality and uniform graphene films
on copper foils,” Science, vol. 324, no. 5932, pp. 1312–1314, 2009.
[5] S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, J. Balakrishnan, T. Lei,
H. R. Kim, Y. I. Song, et al., “Roll-to-roll production of 30-inch graphene films
for transparent electrodes,” Nature nanotechnology, vol. 5, no. 8, pp. 574–578,
2010.
[6] C. R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K. Watanabe,
T. Taniguchi, P. Kim, K. Shepard, et al., “Boron nitride substrates for high-
quality graphene electronics,” Nature nanotechnology, vol. 5, no. 10, pp. 722–726,
2010.
[7] B. Radisavljevic, A. Radenovic, J. Brivio, i. V. Giacometti, and A. Kis, “Single-
layer mos2 transistors,” Nature nanotechnology, vol. 6, no. 3, pp. 147–150, 2011.
[8] Y.-H. Lee, X.-Q. Zhang, W. Zhang, M.-T. Chang, C.-T. Lin, K.-D. Chang,
Y.-C. Yu, J. T.-W. Wang, C.-S. Chang, L.-J. Li, et al., “Synthesis of large-area
mos2 atomic layers with chemical vapor deposition,” Advanced Materials, vol. 24,
no. 17, pp. 2320–2325, 2012.
[9] F. Schwierz, “Graphene transistors,” Nature nanotechnology, vol. 5, no. 7,
pp. 487–496, 2010.
[10] H. Fang, S. Chuang, T. C. Chang, K. Takei, T. Takahashi, and A. Javey, “High-
performance single layered wse2 p-fets with chemically doped contacts,” Nano
letters, vol. 12, no. 7, pp. 3788–3792, 2012.
[11] J. S. Ross, P. Klement, A. M. Jones, N. J. Ghimire, J. Yan, D. Mandrus,
T. Taniguchi, K. Watanabe, K. Kitamura, W. Yao, et al., “Electrically tunable
excitonic light-emitting diodes based on monolayer wse2 pn junctions,” Nature
nanotechnology, vol. 9, no. 4, pp. 268–272, 2014.
107
[12] A. K. Geim and I. V. Grigorieva, “Van der waals heterostructures,” Nature,
vol. 499, no. 7459, pp. 419–425, 2013.
[13] W. J. Yu, Z. Li, H. Zhou, Y. Chen, Y. Wang, Y. Huang, and X. Duan, “Verti-
cally stacked multi-heterostructures of layered materials for logic transistors and
complementary inverters,” Nature materials, vol. 12, no. 3, pp. 246–252, 2013.
[14] W. J. Yu, Y. Liu, H. Zhou, A. Yin, Z. Li, Y. Huang, and X. Duan, “Highly effi-
cient gate-tunable photocurrent generation in vertical heterostructures of layered
materials,” Nature nanotechnology, vol. 8, no. 12, pp. 952–958, 2013.
[15] D. Sarkar, X. Xie, W. Liu, W. Cao, J. Kang, Y. Gong, S. Kraemer, P. M.
Ajayan, and K. Banerjee, “A subthermionic tunnel field-effect transistor with an
atomically thin channel,” Nature, vol. 526, no. 7571, pp. 91–95, 2015.
[16] Z. Liu, L. Ma, G. Shi, W. Zhou, Y. Gong, S. Lei, X. Yang, J. Zhang, J. Yu,
K. P. Hackenberg, et al., “In-plane heterostructures of graphene and hexagonal
boron nitride with controlled domain sizes,” Nature nanotechnology, vol. 8, no. 2,
pp. 119–124, 2013.
[17] O. Lopez-Sanchez, D. Lembke, M. Kayci, A. Radenovic, and A. Kis, “Ultrasen-
sitive photodetectors based on monolayer mos2,” Nature nanotechnology, vol. 8,
no. 7, pp. 497–501, 2013.
[18] H. Yuan, X. Liu, F. Afshinmanesh, W. Li, G. Xu, J. Sun, B. Lian, A. G. Curto,
G. Ye, Y. Hikita, et al., “Polarization-sensitive broadband photodetector using a
black phosphorus vertical p–n junction,” Nature nanotechnology, vol. 10, no. 8,
pp. 707–713, 2015.
[19] P. Bridgman, “Two new modifications of phosphorus.,” Journal of the American
Chemical Society, vol. 36, no. 7, pp. 1344–1363, 1914.
[20] S. Lange, P. Schmidt, and T. Nilges, “Au3snp7@ black phosphorus: an easy
access to black phosphorus,” Inorganic chemistry, vol. 46, no. 10, pp. 4028–4035,
2007.
[21] X. L. Li and Y. D. Li, “Formation of mos2 inorganic fullerenes (ifs) by the
reaction of moo3 nanobelts and s,” Chemistry–A European Journal, vol. 9, no. 12,
pp. 2726–2731, 2003.
[22] K.-K. Liu, W. Zhang, Y.-H. Lee, Y.-C. Lin, M.-T. Chang, C.-Y. Su, C.-S. Chang,
H. Li, Y. Shi, H. Zhang, et al., “Growth of large-area and highly crystalline mos2
thin layers on insulating substrates,” Nano letters, vol. 12, no. 3, pp. 1538–1544,
2012.
[23] J.-G. Song, J. Park, W. Lee, T. Choi, H. Jung, C. W. Lee, S.-H. Hwang, J. M.
Myoung, J.-H. Jung, S.-H. Kim, et al., “Layer-controlled, wafer-scale, and con-
formal synthesis of tungsten disulfide nanosheets using atomic layer deposition,”
ACS nano, vol. 7, no. 12, pp. 11333–11340, 2013.
[24] S. Najmaei, Z. Liu, W. Zhou, X. Zou, G. Shi, S. Lei, B. I. Yakobson, J.-C.
Idrobo, P. M. Ajayan, and J. Lou, “Vapour phase growth and grain boundary
structure of molybdenum disulphide atomic layers,” Nature materials, vol. 12,
no. 8, pp. 754–759, 2013.
108
[25] Y. Yu, C. Li, Y. Liu, L. Su, Y. Zhang, and L. Cao, “Controlled scalable synthesis
of uniform, high-quality monolayer and few-layer mos2 films,” Scientific reports,
vol. 3, 2013.
[26] X. Ling, Y.-H. Lee, Y. Lin, W. Fang, L. Yu, M. S. Dresselhaus, and J. Kong,
“Role of the seeding promoter in mos2 growth by chemical vapor deposition,”
Nano letters, vol. 14, no. 2, pp. 464–472, 2014.
[27] A. M. van der Zande, P. Y. Huang, D. A. Chenet, T. C. Berkelbach, Y. You,
G.-H. Lee, T. F. Heinz, D. R. Reichman, D. A. Muller, and J. C. Hone, “Grains
and grain boundaries in highly crystalline monolayer molybdenum disulphide,”
Nature materials, vol. 12, no. 6, pp. 554–561, 2013.
[28] M.-C. Chen, K.-S. Li, L.-J. Li, A.-Y. Lu, M.-Y. Li, Y.-H. Chang, C.-H. Lin,
Y.-J. Chen, Y.-F. Hou, C.-C. Chen, et al., “Tmd finfet with 4 nm thin body and
back gate control for future low power technology,” in 2015 IEEE International
Electron Devices Meeting (IEDM), pp. 32–2, IEEE, 2015.
[29] L. Britnell, R. Ribeiro, A. Eckmann, R. Jalil, B. Belle, A. Mishchenko, Y.-J.
Kim, R. Gorbachev, T. Georgiou, S. Morozov, et al., “Strong light-matter inter-
actions in heterostructures of atomically thin films,” Science, vol. 340, no. 6138,
pp. 1311–1314, 2013.
[30] S. Bertolazzi, D. Krasnozhon, and A. Kis, “Nonvolatile memory cells based on
mos2/graphene heterostructures,” ACS nano, vol. 7, no. 4, pp. 3246–3252, 2013.
[31] H. Fang, C. Battaglia, C. Carraro, S. Nemsak, B. Ozdol, J. S. Kang, H. A.
Bechtel, S. B. Desai, F. Kronast, A. A. Unal, et al., “Strong interlayer coupling in
van der waals heterostructures built from single-layer chalcogenides,” Proceedings
of the National Academy of Sciences, vol. 111, no. 17, pp. 6198–6202, 2014.
[32] D. Jariwala, V. K. Sangwan, C.-C. Wu, P. L. Prabhumirashi, M. L. Geier, T. J.
Marks, L. J. Lauhon, and M. C. Hersam, “Gate-tunable carbon nanotube–mos2
heterojunction pn diode,” Proceedings of the National Academy of Sciences,
vol. 110, no. 45, pp. 18076–18080, 2013.
[33] S. Chuang, R. Kapadia, H. Fang, T. C. Chang, W.-C. Yen, Y.-L. Chueh, and
A. Javey, “Near-ideal electrical properties of inas/wse 2 van der waals hetero-
junction diodes,” Applied Physics Letters, vol. 102, no. 24, p. 242101, 2013.
[34] L. Li, Y. Yu, G. J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng, X. H. Chen, and Y. Zhang,
“Black phosphorus field-effect transistors,” Nature nanotechnology, vol. 9, no. 5,
pp. 372–377, 2014.
[35] K.-T. Lam, X. Cao, and J. Guo, “Device performance of heterojunction tunnel-
ing field-effect transistors based on transition metal dichalcogenide monolayer,”
IEEE Electron Device Letters, vol. 34, no. 10, pp. 1331–1333, 2013.
[36] M. Buscema, D. J. Groenendijk, S. I. Blanter, G. A. Steele, H. S. van der Zant,
and A. Castellanos-Gomez, “Fast and broadband photoresponse of few-layer
black phosphorus field-effect transistors,” Nano letters, vol. 14, no. 6, pp. 3347–
3352, 2014.
109
[37] B. W. Baugher, H. O. Churchill, Y. Yang, and P. Jarillo-Herrero, “Optoelectronic
devices based on electrically tunable pn diodes in a monolayer dichalcogenide,”
Nature nanotechnology, vol. 9, no. 4, pp. 262–267, 2014.
[38] A. Pospischil, M. M. Furchi, and T. Mueller, “Solar-energy conversion and light
emission in an atomic monolayer pn diode,” Nature nanotechnology, vol. 9, no. 4,
pp. 257–261, 2014.
[39] D. K. Schroder, Semiconductor material and device characterization. John Wiley
& Sons, 2006.
[40] J. Dai and X. C. Zeng, “Bilayer phosphorene: effect of stacking order on bandgap
and its potential applications in thin-film solar cells,” The journal of physical
chemistry letters, vol. 5, no. 7, pp. 1289–1293, 2014.
[41] Y. Gong, J. Lin, X. Wang, G. Shi, S. Lei, Z. Lin, X. Zou, G. Ye, R. Vajtai,
B. I. Yakobson, et al., “Vertical and in-plane heterostructures from ws2/mos2
monolayers,” Nature materials, vol. 13, no. 12, pp. 1135–1142, 2014.
[42] R. Martel, V. Derycke, C. Lavoie, J. Appenzeller, K. Chan, J. Tersoff, and
P. Avouris, “Ambipolar electrical transport in semiconducting single-wall carbon
nanotubes,” Physical Review Letters, vol. 87, no. 25, p. 256805, 2001.
[43] S. Heinze, J. Tersoff, R. Martel, V. Derycke, J. Appenzeller, and P. Avouris,
“Carbon nanotubes as schottky barrier transistors,” Physical Review Letters,
vol. 89, no. 10, p. 106801, 2002.
[44] Z. Chen, J. Appenzeller, J. Knoch, Y.-m. Lin, and P. Avouris, “The role of metal-
nanotube contact in the performance of carbon nanotube field-effect transistors,”
Nano letters, vol. 5, no. 7, pp. 1497–1502, 2005.
[45] H. Liu, M. Si, Y. Deng, A. T. Neal, Y. Du, S. Najmaei, P. M. Ajayan, J. Lou, and
P. D. Ye, “Switching mechanism in single-layer molybdenum disulfide transistors:
an insight into current flow across schottky barriers,” ACS nano, vol. 8, no. 1,
pp. 1031–1038, 2013.
[46] A. D. Franklin and Z. Chen, “Length scaling of carbon nanotube transistors,”
Nature nanotechnology, vol. 5, no. 12, pp. 858–862, 2010.
[47] W. Kim, A. Javey, O. Vermesh, Q. Wang, Y. Li, and H. Dai, “Hysteresis caused
by water molecules in carbon nanotube field-effect transistors,” Nano Letters,
vol. 3, no. 2, pp. 193–198, 2003.
[48] J. D. Wood, S. A. Wells, D. Jariwala, K.-S. Chen, E. Cho, V. K. Sangwan,
X. Liu, L. J. Lauhon, T. J. Marks, and M. C. Hersam, “Effective passivation
of exfoliated black phosphorus transistors against ambient degradation,” Nano
letters, vol. 14, no. 12, pp. 6964–6970, 2014.
[49] J. O. Island, G. A. Steele, H. S. van der Zant, and A. Castellanos-Gomez, “Envi-
ronmental instability of few-layer black phosphorus,” 2D Materials, vol. 2, no. 1,
p. 011002, 2015.
[50] X. Chen, Y. Wu, Z. Wu, Y. Han, S. Xu, L. Wang, W. Ye, T. Han, Y. He,
Y. Cai, et al., “High-quality sandwiched black phosphorus heterostructure and
its quantum oscillations,” Nature communications, vol. 6, 2015.
110
[51] R. A. Doganov, E. C. OFarrell, S. P. Koenig, Y. Yeo, A. Ziletti, A. Carvalho,
D. K. Campbell, D. F. Coker, K. Watanabe, T. Taniguchi, et al., “Transport
properties of pristine few-layer black phosphorus by van der waals passivation in
an inert atmosphere,” Nature communications, vol. 6, 2015.
[52] L. Li, G. J. Ye, V. Tran, R. Fei, G. Chen, H. Wang, J. Wang, K. Watanabe,
T. Taniguchi, L. Yang, et al., “Quantum oscillations in a two-dimensional elec-
tron gas in black phosphorus thin films,” Nature nanotechnology, vol. 10, no. 7,
pp. 608–613, 2015.
[53] A. Avsar, I. J. Vera-Marun, J. Y. Tan, K. Watanabe, T. Taniguchi, A. H. Cas-
tro Neto, and B. Ozyilmaz, “Air-stable transport in graphene-contacted, fully en-
capsulated ultrathin black phosphorus-based field-effect transistors,” ACS nano,
vol. 9, no. 4, pp. 4138–4145, 2015.
[54] Y. Liu, R. Cheng, L. Liao, H. Zhou, J. Bai, G. Liu, L. Liu, Y. Huang,
and X. Duan, “Plasmon resonance enhanced multicolour photodetection by
graphene,” Nature communications, vol. 2, p. 579, 2011.
[55] T. Echtermeyer, L. Britnell, P. Jasnos, A. Lombardo, R. Gorbachev, A. Grig-
orenko, A. Geim, A. Ferrari, and K. Novoselov, “Strong plasmonic enhancement
of photovoltage in graphene,” Nature communications, vol. 2, p. 458, 2011.
[56] Z. Luo, J. Maassen, Y. Deng, Y. Du, R. P. Garrelts, M. S. Lundstrom, D. Y.
Peide, and X. Xu, “Anisotropic in-plane thermal conductivity observed in few-
layer black phosphorus,” Nature communications, vol. 6, 2015.
[57] F. Xia, H. Wang, and Y. Jia, “Rediscovering black phosphorus as an anisotropic





Yexin Deng was born in Guilin, Guangxi, China. He got his B.S. degree from
Peking University on Electrical Engineering and Computer Science in Beijing, China.
Then he came to Purdue University for his Ph.D. on Electrical and Computer Engi-
neering. His research is mainly on semiconductor device.
List of Publications at Purdue:
Book Chapters:
[1] Y. Deng et al, Phosphorene: A Novel 2D Material for Future Nanoelectronics
and Optoelectronics 2D Materials for Nanoelectronics, CRC Press, Taylor and Francis
Group, 2016.
Journal Papers:
[1] Y. Deng Z. Luo, et al, Black PhosphorusMonolayer MoS2 van der Waals Het-
erojunction pn Diode, ACS Nano, 2014, 8 (8), pp 82928299.
[2] Z. Luo, J. Maassen, Y. Deng et al, Anisotropic in-plane thermal conductivity
observed in few-layer black phosphorus, Nature Communications, 2015, 6, 8572.
[2] H. Liu, Y. Du, Y. Deng et al, Semiconducting black phosphorus: synthesis,
transport properties and electronic applications, Chemical Society Reviews, 2015,
DOI: 10.1039/C4CS00257A.
[3] Y. Du, H. Liu, Y. Deng et al, Device Perspective for Black Phosphorus Field-
Effect Transistors: Contact Resistance, Ambipolar Behavior, and Scaling, ACS Nano,
2014, 8 (10), pp 1003510042.
[5] H. Liu, M. Si, Y. Deng et al, Switching Mechanism in Single-Layer Molybdenum
Disulfide Transistors: an Insight into Current Flow across Schottky Barriers, ACS
Nano, 2014, 8 (1), pp 10311038.
Conference Papers:
112
[1] Y. Deng, Z. Luo et al, Stability and Passivation of Phosphorene Field Effect
Transistors, 2015 Bulletin of the American Physical Society, San Antonio, U.S.A.
[2] Y. Deng, N. Conrad et al, Towards High-Performance Two-Dimensional Black
Phosphorus Optoelectronic Devices: the Role of Metal Contacts, 2014 IEEE Interna-
tional Electron Devices Meeting (IEDM), pp 112 - 115, San Francisco, U.S.A.
[3] G. Qiu, Q. Nian, Y. Deng, et al, Synthesis of black phosphorus films and
particles by ultra-fast laser ablation, 2016 Bulletin of the American Physical Society,
Baltimore, U.S.A.
[4] A. Ng, T. Sutto. Y. Deng, et al, Chemically Controlling Black Phosphorus
Exfoliation to Achieve Variable-Sized Phosphorene, 2016 Bulletin of the American
Physical Society, Baltimore, U.S.A.
[5] A. Ng, T. Sutto, Y. Deng, et al, ”(S) TEM Characterization of Chemically
Exfoliated Black Phosphorus” 2016 Microscopy and Microanalysis 22 (S3), 1544-1545.
